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Optics, or Photonics, studies the generation, control and detection
of light, as well as light-matter interactions. It is a topic with plenty
of applications in many dierent areas, from telecommunications and
computing (signal transport and fast processing), to medicine (laser
treatment), sensing (there are optic earthquake sensors), or even the
commonly used bar code reading present in every supermarket. It is
considered as an important research area in relevant funding programs
both in USA (1) and in Europe, where e47 million have been budgeted
to dierent photonic areas, including plasmonics (2{4).
Within photonics, plasmonics (5;6) is interested in analyzing surface
plasmons (SPs), which are decaying electromagnetic waves conned in
a metal-dielectric interface. Their evanescent nature and their sensi-
tivity to the materials of the interface make them suitable for many
possible applications such as sensing, being the most used and ana-
lyzed plasmon-based sensors those denoted surface plasmon resonance
(SPR) sensors, which have been proved to be quite sensitive (7). SPs
are also known to provide a strong enhancement of the electromagnetic
eld at the interface, which has lead to one of their most popular ap-
plications: Surface Enhanced Raman Spectroscopy(8) (SERS). More-
over, they can be strongly conned, even beyond the diraction limit,
which can be achieved by nanostructuring the interface surface or using
15
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nanoscaled particles (9;10). This leads to other potential applications,
such as plasmon-based optical trapping (11) or plasmonic circuitry (12),
where plasmonics is a key candidate as an alternative to electronic cir-
cuitry and traditional optical telecommunication devices, being faster
than the rst one and less bulky than the second. Nowadays, many
passive plasmonic devices have been demonstrated, such as waveguides
of dierent lengths and shapes. However, for circuitry, transporting in-
formation is not enough, we also need to be able to process it. For this
reason, one of the targets for plasmonic circuitry is to develop \active"
components such as modulators or switches (12{14). This implies being
able to control the SPs response by means of an external agent such as
voltage, temperature: : : Actually, the main objective of this thesis is to
study the eect of an external magnetic eld on propagating SPs for
developing active devices.
This thesis is a result of further exploring the potential of \magne-
toplasmonics", which combines plasmons with magnetism. With this
concept as the main area of interest, the Magnetoplasmonic Nanostruc-
tures group at the Instituto de Microelectronica de Madrid was born
in 2006. Traditionally (and also within the group), magnetoplasmonics
was rst applied to enhance the magnetooptical response of a material
by the local electromagnetic eld enhancement due to the excitation of a
plasmon (15{18). Soon it was seen that this could also work the other way
around, and that a magnetic eld could aect the propagating SP prop-
erties (19), leading to active plasmonics. Moreover, in order to obtain
a reasonable magnetic modulation of the plasmon properties, a smart
combination of materials that combines suitable ferromagnetic and plas-
monic properties, such as a Au/Co/Au trilayer is required. Once the idea
and the materials were decided, a device to measure the propagating SP
modulation was needed, and there were in the literature some \plas-
monic" interferometers used in dierent congurations (20{22) for that
task. The idea of applying a magnetic eld to a plasmonic interferome-
ter (magnetoplasmonic interferometer) was then recently demonstrated
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using noble/ferromagnetic/noble metallic multilayers (23).
This thesis is a natural continuation on the initial demonstration
shown in Ref. 23. We have used these magnetoplasmonic interferom-
eters as a tool for measuring the magnetic modulation of the plasmon
wavevector, but we have also analyzed its suitability as a device itself,
i. e., as a modulator, trying to optimize it and to understand all the
processes that take place there. Furthermore, given the potential of
plasmonics for sensing and the accuracy of interferometry, we have eval-
uated the magnetoplasmonic (MP) interferometer as a sensor. It was
already known that the application of a magnetic eld in SPR sensors
led to an improvement in their sensitivity (24;25); thus the comparison of
SPR sensors with our MP interferometers was a straightforward idea.
Finally, due to the local nature of SPs, we are going to analyze the eect
of applying a magnetic eld on propagating SP in the near eld regime.
For that, some alternative interferometric plasmonic congurations pro-
posed in the literature for near eld studies (26;27) have been considered.
The main objectives of this thesis are, therefore:
 To understand the underlying physics of applying a magnetic eld
on propagating surface plasmons using a noble/ferromag-netic/noble
metallic structure.
 To take advantage of this eect to implement it in an \active"
device, in particular in a plasmonic interferometer that acts as a
modulator.
 To study the dependence of the magnetic modulation of propagat-
ing SPs on the dierent parameters involved in the interferometers,
such as the trilayer structure or the magnetic material, as well as
their spectral behavior and the possibilities to enhance the men-
tioned magnetic modulation.
 To explore the capability of our magnetically modulated interfer-
ometers as sensors, and compare them with the broadly used SPR
based techniques.
17
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 To further extend the understanding of magnetic modulation of
surface plasmon polaritons by means of interferometric congura-
tions in the near eld regime.
The rst three objectives have been addressed experimentally and
with the support of numerical simulations. Based on the understanding
obtained from this, we have approached the last two numerically.
1.1 Thesis structure
This thesis consists of six chapters:
Chapter 2: this chapter includes the basic knowledge to understand
this thesis. Concepts such as surface plasmon polariton (SPP), i. e.,
propagating SPs; with the corresponding dispersion relation and distri-
bution of the electromagnetic eld inside the materials, are explained. In
addition, the idea of active plasmonics and magnetoplasmonics, together
with the importance of the used materials, is presented. Moreover, the
modulation of the SPP wavevector by means of a magnetic eld (which
is a key point in this manuscript) is shown.
Chapter 3: this chapter contains all the information about plasmonic
and magnetoplasmonic interferometry. It is explained how it works, the
basic parameters implied and the methodology used to obtain informa-
tion about the SPP magnetic modulation, as well as its capability as a
device.
Chapter 4: some of the main results are shown here. The mechanisms
involved in the plasmonic modulation by a magnetic eld are explained,
as well as an optimization of the device is proposed. The spectral de-
pendence of the SPP wavevector modulation is analyzed experimentally
and some dierent materials and conditions to optimize the response
18
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are proposed. The parameters that determine the spectral dependence
and the inuence of the electromagnetic eld distribution along the in-
terface on this modulation are shown. Finally, it is demonstrated that
the modulation can be increased by adding a dielectric overlayer on top
of the interferometer.
Chapter 5: in this chapter, the use of our interferometers as bio-
logical sensors is proposed and analyzed. A theoretical comparison of
the sensitivity of both plasmonic and magnetoplasmonic interferometers
and SPR sensors is shown.
Chapter 6: here, the concept of magnetically modulating SPP in an
interferometric system will be analyzed in the near eld regime. Dif-
ferent congurations that allow this will be studied theoretically and a
experiment will be proposed.
The nal chapter summarizes the most relevant results obtained from
this work. On the other hand, the interferometers fabrication, together
with their optical, magnetic and magnetooptical characterization are
exposed in the Appendix.
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The ability to obtain intense colors and dierent illumination eects
by incorporating small amounts of noble metals into glass was already
known since the late roman age, as in the famous Lycurgus cup (4th
century ADI) and in the stained glasses of medieval churches or cathe-
drals. However, the physical explanation of this phenomenon arrived
much later, at the beginning of the 20th century. So, Garnett (29) in
1904 used the recently developed Drude theory of the metals to explain
the bright colors observed in metal doped glasses; and Mie in 1908 pro-
duced his, now well known, theory of light scattering by particles (30).
In this way, the bright coloring was associated with the presence of no-
ble metal nanoparticles and the excitation of localized surface plasmon
(LSP).
Surface Plasmons are oscillations of the free electrons in the metal
induced by electromagnetic radiation, and are bound to the interface
between a metal and a dielectric. They appear as a peak (resonance) in
the optical response (5) and are characterized by an enhancement of the
electromagnetic eld at this interface. They can be localized (LSP) (31)
IThis cup is nowadays shown at the Brithish Museum (28)
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when they take place at closed interfaces such as nanostructures, or they
can be propagative (32) when they take place at at interfaces (5;6).
The mathematical description for the propagating surface plasmons,
called surface plasmon polaritons (SPPs), is known since around 1900,
when Sommerfeld and Zenneck discovered electromagnetic waves at a
metal surface at the radio frequencies (33;34). At the same time, Wood
observed unexplained intensity drops in the spectra of the reection of
light in metallic gratings for visible frequencies (35), which became known
as Wood anomalies. Some years later, Fano, Pines, and Ritchie (36{38)
connected those Wood Anomalies to SPP resonances. Finally, Otto,
Krestchmann and Raether proposed a method to excite the surface
plasma waves with visible light by using a prism (39;40) and a unied
and complete description of all these phenomena in the form of Surface
Plasmon Polaritons was established (5).
Although surface plasmons began to be known at the beginning of
the 20th century, and nally understood around the 700s, they have at-
tracted a renewed interest over the last decades due to their properties
and the access to the nanometer scale that has been acquired with the
development of nanofabrication tools. Indeed, the connement of the
plasmon electromagnetic eld within volumes of the order of or smaller
than the wavelength, their local electromagnetic eld enhancement and
the dependence of their properties on the materials forming the inter-
face makes them suitable for an endless list of applications, including
photothermal therapy (41), 3D holography (42), or quantum information
processing (43). Traditionally, two of the most used applications are their
use for single molecule detection using surface-enhanced raman scatter-
ing (SERS) (44{46), and the extraordinary transmission through periodic
hole arrays (47;48). Besides, due to the connement of the electromagnetic
eld of the plasmon at the interface, they are very sensitive to any change
in the refractive index of the materials of this interface and diverse sens-
ing congurations have been successfully proposed, with both propagat-
ing (49) and localized plasmons (50). Finally, plasmons are also interest-
ing for the development of nanophotonic circuitry (10;12;51{53), where SP
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could be fundamental to replace traditional electronic (small but slow)
or optical-ber (fast but large) circuitry in order to get fast and small
devices. The contributions of this thesis lie within the scope of these
two last applications.
2.1.1 Surface Plasmon Polaritons
As mentioned above, we want to contribute to the further development
of surface plasmon based devices, not only to nally achieve plasmonic
circuits but also for sensing. In both cases we have worked with prop-
agating surface plasmon polaritons (SPPs), whose properties I will de-
scribe in detail in the following.
SPPs are exponentially decaying transverse magnetic (TM) electro-
magnetic waves conned to a at metal-dielectric interface, and are re-
lated to free electron oscillations (5). To obtain the characteristics of
SPPs, we can consider a single interface between two semi-innite me-
dia with dielectric constants "d and "m in the XY plane, as sketched in






2) ~E = 0; (2.1)
being k0 the wavevector of light in vacuum, 
 the propagative wavevec-
tor of the wave, " the dielectric permittivity of the analyzed material ("m
or "d depending on the side of the interface), and ~E the electric eld of
the wave that only depends on z due to the geometry of the interface.
An equivalent expression exists for the magnetic eld ~H. Within the
solutions of this expression we are looking for a wave with the SPP
characteristics; i. e., an evanescent wave that propagates along the x
direction while z is the vertical direction, being z > 0 the dielectric side
and z < 0 the metallic one:
~E = ~Ed0  eikxxeikz;dze i!t for z > 0;
~E = ~Em0  eikxxe ikz;mze i!t for z < 0;
(2.2)
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Figure 2.1: Schematic representation of a SPP. Four important parameters of




the propagation distance Lsp; and the penetration distances () on both the
dielectric and the metal, d and m.
where kx (kx = 
) and kz are the in plane and vertical component of the
SPP wavevector, Ed;m0 are the amplitudes of the wave at each side of the
interface, and !t represents the temporal dependence. Furthermore, kz
is purely imaginaryII since we are considering an evanescent wave, and it
is dierent for the dielectric (kz;d) and for the metal (kz;m), meaning that
the electromagnetic eld of the SPP will penetrate dierently into each
material of the interface. The electromagnetic elds are related through










where "0 is the dielectric permittivity in vacuum, Ex and Ez are the
x and z components of the electric eld of the SPP, and Hy is the y
component of its magnetic eld. For z > 0, taking Ez of the form
of Equation 2.2, applying Equations 2.3, and integrating the temporal
dependence and the amplitude into the constant Aj we obtain that the
IIfor an ideal metal, with no losses
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2"  k2x)Ez = 0 (2.6)
Using Equations 2.4, 2.5, and 2.6 we obtain the expression for the vertical
component of the SPP wavevector, kz, which is complex. It is dened
for each material j (and thus for each side of the interface z > 0 or





k20"j   k2x; (2.7)
where "j is the dielectric constant of the material j, and kx is the in-plane
component of the SPP wavevector.
Finally, applying the boundary conditions (at z = 0) for this wave ;






The combination of this last expressions (Equations 2.7 and 2.8) for both
the metal and the dielectric sides lead to the SPP dispersion relation,
which in this particular case of a SPP sustained at the interface between
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two semi-innite mediums in the XY plane and propagating along the






From both Equations 2.8 and 2.9 it can be seen that SPP take place
at interfaces where "d > 0 and "m < 0, fullling that "d + "m 6= 0.
Therefore, surface plasmons can only exist for interfaces of materials
with dielectric constants of opposite signs, and in general for metal-
dielectric. Note that, although the SPP wavevector ksp consists of two
components kx and kz, usually ksp and kx are used indistinctly, and both
ways can be found in this thesis. Moreover, normally kz << kx, then in
those cases, we can assume that E  Ez, and the SPP electric eld for
the dielectric and the metal can be expressed as:
E  Ez = Adeikxxe k
i
z;dz; for z > 0




z;mz; for z < 0;
(2.10)
where z is positive for the dielectric and negative for the metallic side.
The expressions of the SPP electromagnetic eld and the dispersion rela-
tion contain all the properties of surface plasmon polaritons. Next, two
important aspects are considered: the meaning of the SPP parameters
and the SPP excitation.
 SPP PARAMETERS DESCRIPTION
The expressions of the SPP electromagnetic eld (Equations 2.10) show
that it has a strongly localized nature along the interface, that decays
exponentially at both sides. Figure 2.1 shows this decay and several fun-
damental parameters of SPP: the SPP wavelength sp, its propagation
distance Lsp, and the penetration depth of the electromagnetic eld in
the j material j . These properties are related to the dispersion relation
of SPP and to the vertical component of the SPP wavevector kz, given
by Equations 2.7 and 2.9.
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As it can be seen from Equation 2.9, kx depends on the optical prop-
erties of the materials of the interface. Besides, the dielectric constants
of the metal are complex (metals have absorption), and therefore the












The real part krx is related to the phase velocity of the wave, and the
imaginary part kix is related to the losses of the wave, and thus to the
propagation distance of the plasmon. As it can be seen in the Equation
(2.11), the SPP attenuation in the propagation direction x is related to
the absorption of the metal. Assuming that "d is real and that "
i
m < j"rmj,

















The propagation distance of the SPP is dened as Lsp = 1=(2k
i
x), and
represents the distance at which the intensity of the SPP electromagnetic
eld decreases a factor 1=e. For an ideal metal (with no losses, "im = 0),
there will be no attenuation and the SPP would propagate indenitely.
However, metals always have absorption, and therefore the propagation
of the SPP is limited, being the propagation distances of the order of
micrometers, depending on the properties of the neighboring materials
and on the excitation wavelength. In fact, this intrinsic loss of the sys-
tem is one of the main drawbacks of SPP for circuits, although it can
be compensated by using appropriate gain strategies (54;55). Figure 2.2
shows the values of krx and Lsp for a SPP propagating at a single Au-Air
interface. For these and all the calculations shown in this section, the di-
electric constants of Au have been obtained from Johnson and Christy's
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Figure 2.2: Dispersion relation for a SPP at a Au-air interface. (a) Real part
of the SPP wavevector krx (solid black line) compared with the ideal situation
where there are no losses (thick red dashed line), which means there is not
imaginary part of the dielectric constant of the metal. As a reference, the light
line k0 is also shown (grey dashed line). (b) Propagation distance of the SPP
Lsp. The dotted black line at about 2:6 eV represents the asymptotic value Ep
where the SPP basic conditions are not fullled anymore.
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work (56). In Figure 2.2 we have also included the dispersion relation for
a metal with no losses (dashed line). In this case, the dispersion rela-
tion approaches an asymptotic energy value Esp =
Epp
2
in air, where Ep
is the energy equivalent to the plasma frequency. This Esp limit value
is related to the situation where j"rmj = "d, and the basic condition to
have SPP is not fullled (5;6) (the asymptote is represented in Figure 2.2
as the black dotted line). When the metal has losses ("im 6= 0), even
though j"rmj = "d there is not an indetermination in kx (see Equation
2.9), so instead of an asymptote, the dispersion relation bends and it
can even cross the light line (solid line in Figure 2.2). However, there
the plasmonic conditions are not fullled, the SPP \nature" is lost and
the wave becomes a radiative or leaky mode. Finally, in Figure 2.2 it
can be seen that for larger energies (always below the dotted curve), the
real part of the SPP wavevector gets larger and further deviates from
the line of the light (grey dashed line), while there is a decrease in the
propagation distance. For smaller energies, on the other hand, krx is
smaller and closer to the line of the light, and there is an increase of the
propagation distance.
Similarly to the propagation distance, the penetration depth of the
electromagnetic eld in the j material can be dened as the vertical
distance at which the electromagnetic eld intensity decays up to a
factor 1=e. As it can be seen from Equation 2.10, this implies that
j = 1=(2k
i
z;j). In Figure 2.3, this exponential decay for a single Au-air
interface is represented. There it can be seen that the penetration of the
SPP eld is lower in the metallic layer than in the dielectric, as expected,
and then the vertical component of the SPP wavevector is larger for the
metal than for the dielectric (see Equation 2.7).
The above described SPP properties (penetration distances j and
propagation distance Lsp together with k
r
x) represent indeed a way of
describing the SPP electromagnetic eld and whether it is more or less
conned. Actually, all of these parameters are related, by Equations
2.7, 2.9, and 2.10. So, looking at the spectral dependence, from Figures
(2.2-2.4) we can see that for low energies krx is closer to the light line.
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Figure 2.3: Penetration distance of a SPP at each side of a Au-air interface
as a function of the wavelength.
Therefore kdz is smaller and d is larger, hence the associated electromag-
netic eld is more spread out of the interface, at the dielectric material.
Then it is less conned and it propagates longer distances. On the other
hand, for larger wavelengths, krx gets further apart from the light line, so
kdz increases and d decreases, thus the SPP eld becomes more conned
to the interface and the presence of the metallic layer is more relevant,
being the propagation distances smaller. A similar description can be
done by means of the penetration of the SPP electromagnetic eld into
the metallic side, however, the changes in the penetration distance of
the metal are quite smaller than in the case of the dielectric. This is
shown in Figure 2.4, where the distribution of jEzj2 at both sides of the
interface is shown for two dierent energies.
 SPP EXCITATION
As it has been mentioned before, kx depends on the properties of the two
materials of the interface (Equation 2.9). Moreover, as j"mj > j"dj, this
wavevector is always larger than the wavevector of light in the dielectric
medium (kx >
p
"dk0) or, in other words, the SPP dispersion relation is
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Figure 2.4: Electromagnetic eld of the SPP in a Au-air interface as a function
of the vertical distance z for 620 and 826 nm. The left region (z < 0) represents
the metal (Au), while the right one (z > 0) is the dielectric (air). Please note
that the scale for the x-axis of the graph is dierent for z < 0 and z > 0. The
break represents the z = 0 interface point.
beyond the light line (as can be seen in the representation of Equation 2.9
as a function of the energy shown in Figure 2.2). This implies that the
SPP cannot be excited directly impinging with light from the dielectric
side of the interface, since the component of the wavevector of the light
parallel to the interface (kII = k0 sin ), is always smaller than kx, and
has to be conserved. Indeed, this is why the rst SPP analysis were
done using fast electron excitation (37;38). To overcome this problem, we
need to provide to the incident light an extra momentum, which can be
done in several ways.
The coupling of the SPP can be achieved using a prism over a thin
metallic lm. As it is shown in Figure 2.5, the light impinges through the
prism and the SPP is launched at the other interface of the metal (39;40).
This way, due to the presence of the prism, the parallel component of
the wavevector of the incident light is then kII = npk0 sin . If the re-
fractive index of the prism is larger than the one of the dielectric used,
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np > nd, then kII  kx  k0
p
("d), which will lead to SPP excitation
at certain angles, exactly those verifying kx = npk0 sin . However, it
is important to notice that, the launched SPP will be the one at the
metal-dielectric interface, not the prism-metal SPP (that has a larger
kx), which limits the use of this method only to thin lms. Moreover,
the angle of incidence to launch the SPP will depend on the wavelength
used. This method is called Kretschmann or attenuated total internal
reection (ATR) and provided that is very used for sensing, it will be
considered in Chapter 5 of this thesis. Other procedure to excite SPPs
Prism, np 
Metal 





Figure 2.5: SPP excitation in a thin metallic layer by means of a prism.
consists in the use of a grating (10) on the metal surface (Figure 2.6).
This method can be applied to metal layers of any thickness. The extra
momentum is provided by the reciprocal vector of the grating, g, result-
ing in the following SPP wavevector kx = k0 sin  + g. The angle of
incidence and the parameters of the grating will depend on the wave-
















Figure 2.6: SPP excitation by means of a grating with lattice constant a and
reciprocal vector g.
surface can be also used to launch SPPs. This last is in fact the main
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method used in this thesis for SPP excitation. This case is very similar
to the grating situation, the extra momentum is going to be determined
by the light scattered from the defect, being the SPP wavevector then
kx = k0 sin  + defectk, being defectk all the possible directions and
magnitudes of the extra momentum depending on the kind of defect
we have. When the incident light has a component of the electric eld
parallel to the extra momentum supplied by the defect, a SPP will be
launched in that direction (Figure 2.7) . For example, a dot will provide
an extra momentum (scattered light) in all directions of the interface
plane, therefore the SPP launching will be marked by the polarization
of the incident light (see Figure 2.7 (b), (d), and (f)). A line, on the
other hand, provides a momentum (scatters light) perpendicular to its
longest side, thus the SPP will be excited only when the electric eld
is in that direction too (5;6;57) (Figure 2.7 (a), (c) and (e)). Using this
last method the SPP can be excited for any wavelength. Nevertheless,
depending on the size of the defect and on the incident wavelength the
SPP excitation will be more or less ecient(58;59).
Summarizing, we have seen in this basic description of SPPs, using
the simplest geometry of a single interface, two important properties
that motivate the SPP interest for the applications of concern within
this thesis:
 vertical connement of the electromagnetic eld, for miniaturized
circuits.
 kx dependence on the dielectric properties "d, for sensing.
For more complex geometries such as thin metallic lms, or multilayers,
the dispersion relation of the SPP at the interfaces can be obtained in a
similar way to the one described here. However, usually there is not an
analytical expression but it has to be solved numerically. An example
of two of those geometries is a thin metal layer between two identical
dielectrics (known as insulator-metal-insulator, IMI, conguration), or
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Figure 2.7: SPP coupling using a one-dimensional defect, a rectangular pro-
trusion [(a), (c) and (e)], and a circular (2-D) one [(b), (d) and (f)]. In the
upper panels the polarization of incident light is in the x direction [(a) and (b)],
while in the middle ones the light is circularly polarized [(c) and (d)] and in the
lower ones it is linearly polarized along the y direction [(e) and (f)]. For the
1-D defect (left panels), the extra momentum is along the x direction, while for
the circular ones (right) the extra momentum is provided in all the directions
of the plane.
a thin insulating (dielectric) layer between two metals (MIM congura-
tion) (5;6;60;61). Those symmetric congurations lead to interesting prop-
erties when reducing the size of the middle layer, since for a suciently
small middle layer the SPP is split in two SPP modes, each one with
its own characteristics. For the IMI situation, the connement of one
of the SPP modes decreases a lot when decreasing the metal thickness
but its propagation increases, and it is called the long-range SPP (5;6).
For the MIM situation, on the other hand, the possibility to guide the
strongly conned plasmon along the insulating layer is presented, and it
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serves as a plasmonic gap waveguide (PGW) (5;60;61). However, although
these congurations have dierent applications and interesting physical
eects, they are out of the scope of this thesis.
2.2 Active Plasmonics
As mentioned before, plasmonic circuitry is a ourishing topic of re-
search (51;53). This is due to its compatibility with traditional Si-CMOS
technology, adding the scaling beyond the diraction limit of light that
SPPs provide. Plasmonic circuits will lead to fast and small devices,
and reduced optical power requirements. Nevertheless, in order to get
those plasmonic circuits, we have to solve two main fundamental dif-
culties that SPPs pose: losses and external manipulation. Regarding
losses, there are several works dealing with them by means of gaining
media (54;55). In this thesis we will focus on the external manipulation
of SPPs, which is denoted as active plasmonics (13).
Achieving active plasmonic congurations is a critical step to really
endow plasmonic systems with full capacity to develop nanophotonic
chips, as it will allow the realization of fundamental components such
as modulators, switches or active multiplexors, couplers and add-drop
lters. This requires systems where the plasmon properties can be more
or less rapidly modulated by an external parameter. So far, the abil-
ity of parameters such as temperature (13;62{65), voltage(66{70), or optical
signals (22;71{75) to act on SPPs and develop some sort of active device
has already been demonstrated. In all cases, the mechanism underlying
the modication of the system response is either the control of absorp-
tion (62;66;69;71;72) or the modication of the material refractive index and
thus of the SPP wavevector(23;64;67;76) (or even a combination of both in
some specic cases (22;73)).
Each proposal has its marketable advantages, as well as its weak-
nesses and, depending on the application, it will be better to choose
one external agent or another. There are several aspects on which one
should focus:
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 switching speed: the speed at which the SPP can be modied,
which implies not only the rate of the applied control signal but
also the dynamic response of the material;
 magnitude of the modulation: it is fundamental to quantify the
eect that we produce on the SPP and on the nal signal to design
an appropriate device;
 feasibility: this implies both the size and the simplicity of the
device relevant to make it competitive;
 cost: the prize of the device is always an aspect to be considered.
In general, active devices with temperature control are the slowest,
with a switching speed that could be of milliseconds (63). However, large
modulations can be achieved in this case, and their implementation has
been already demonstrated (63;64;77), with reasonable electrical power re-
quirements. Optical or voltage control depend on each particular case;
however, they are not the perfect solution either. Usually, when they are
excellent at modulating or at being integrated in a circuit, they are slow
or viceversa. For example, in Ref. 68 they use a dielectric loaded SPP
waveguide doped with molecules that act as an electro-optic material.
They achieve modulations of about 16% in a reduced metallic resonator
covered by a dielectric by applying an electric eld, but the time re-
sponse is of the order of seconds. In Ref. 72, on the other hand, they
use photocromic molecules that show a reversible switch from transpar-
ent to absorbing when they are illuminated in a polymethyl methacrylate
(PMMA) matrix. They get considerable modulation (about 70%), but
the particles and their response degrade after several switchings.
The magnetic eld is another interesting candidate to control SPPs,
since it is known to aect the optical properties of materials (magnetoop-
tics). Indeed, a magnetic eld applied in the appropriate direction can
modify the SPP dispersion relation (19;78{80). This thesis deals with the
use of a magnetic eld within the context of active plasmonics and the
potential development of integrated modulators based on this (23;76;81),
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as well as the possibility to improve the performance of surface plasmon
sensing devices by adding magnetic modulation (82). We have chosen the
magnetic eld as external agent mainly because it is fast and easy to
apply. The intrinsic switching speed of magnetization in ferromagnetic
materials can achieve values as high as femtoseconds (83), that would be
one of the fastest for active plasmonics. Besides, with the appropriate
materials, magnetic elds of about 20 mT are enough to induce a mea-
surable magnetic response on the system, which is a reasonable value to
achieve both in a laboratory and in a device. Finally, the dimensions of
the modulator can be of about tens of microns, an appropriate size for
circuit implementation.
2.3 Magnetoplasmonics
Magnetoplasmonics deals with the intertwined properties of magnetoop-
tical activity and SP (18), that is, the interaction between surface plas-
mon resonances and magnetooptics. There are works from the 70's and
the 80's already describing this interaction for semiconductors and met-
als (78;84;85). There are two main aspects to be considered here. First,
the SP resonances are able to enhance the magnetooptic (MO) Kerr
or Faraday eect. This enhancement of the MO eects is due to the
enhancement of the electromagnetic eld associated with SP excitation.
At the same time, since the MO eects are usually normalized changes in
the reectivity (or transmission), the SP related drop in the reectivity
can also enhance this MO activity (18). LSPs are widely ecient due to
their strong nanoantenna eects, leading to an important increase on the
MO activity(15;86;87). This enhancement of the MO properties has been
used for example to obtain, by using gold nanodisks, the magnetoopti-
cal constants of Au (88), whose magnetic eects are usually so small that
can not be measured unless using exceptional equipment. By contrast,
SPPs main eects on the MO response are related to the reduction of
the reectivity(89;90). Nevertheless, in this thesis we are interested in the
other aspect of the SP resonance / MO activity interaction: under cer-
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tain conditions, we can use the magnetic eld to modify the plasmonic
behavior.
When dealing with magnetic elds and optical properties, we need
to describe the optical properties by means of a dielectric tensor. In
absence of magnetic eld, this tensor is (or can be converted into) a
diagonal one. When a magnetic eld is applied the light electric elds
are rotated and this dielectric tensor becomes-non diagonal. Those non-
diagonal elements, usually denoted magnetooptic constants, "ij 6= 0, are
larger or smaller depending on the material used. The general dielectric
tensor is (91):
"^ =
0B@ "xx "xy "xz "xy "yy  "yz
 "xz "yz "zz
1CA ; (2.13)
being "ii the dielectric (optical) constants of the material at the i direc-
tion. The magnetooptical constants can also be expressed by means of
the magnetooptical Q factor, a parameter that relates the magnetoop-




depend on the magnetic nature of the used material. For diamagnetic
and paramagnetic materials, those constants are proportional to the
magnetic eld applied and quite small (18). Therefore to achieve large
MO constants in those materials, a large magnetic eld is necessary.
For ferromagnetic materials, on the other hand, these MO constants
are much bigger and proportional to the magnetization, which means
that we can saturate magnetically these materials and that larger MO
constants are achieved for lower magnetic elds (18).
For magnetoplasmonics, we want to combine SPPs and magnetic ef-
fects. Then we have to analyze carefully both the optical and MO prop-
erties of the involved materials. The quality of the SPPs response is de-
termined by the optical losses, being noble metals the ones with narrower
resonance curves and therefore larger propagation distances. However,
noble metals are diamagnetic, and thus have very small MO constants
at reasonable eld values, although their SPP properties are the best
ones. Ferromagnetic materials (Co, Fe, Ni), on the other hand, have
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large "ij values at small magnetic elds (proportional to their magneti-
zation), but they are optically too absorbent, reducing notably the SPP
propagation distance and limiting its use in a photonic device.Therefore
we need a smart combination of both types of materials in order to take
advantage of the good properties of both, and minimize the drawbacks
(this will be discussed in more detail in the next section).
In magnetooptics (and in magnetoplasmonics in particular), it has to
be mentioned that the relative orientation of the magnetic eld and the
optical incidence plane is essential, since this determines the particular
non-zero "ij components
(78;91). There are three dierent congurations,
shown in Figure 2.8, denoted as transverse, polar, and longitudinal (91) in
the well known MO eects in reection (Kerr) and transmission (Fara-
day) (92;93)III. The non-zero MO constants that appear for each cong-
uration are those not involving the direction of the magnetic eld, and
their eect on a wave is that they couple the corresponding electromag-
netic elds involved. We will consider a SPP or a wave in the XZ plane
and the coordinates system of Figure 2.8. In the case of the polar con-
guration, magnetization along the z direction, "xy 6= 0. This implies a
conversion between the Ex and the Ey component of the eld, and as
a consequence a conversion of polarization. However, this is not an ap-
propriate conguration to work with SPPs, as the plasmon do not have
any Ey component (it is a TM mode). Therefore, it will radiate light
causing losses, which is not the desired eect. This \depolarization" of
the plasmon happens also in the longitudinal conguration ("yz 6= 0).
The suitable MO conguration when dealing with SPPs in then the
transverse one ("xz 6= 0). In this case, there will be a conversion be-
tween Ex and Ez, i.e. the wave stays a TM wave. Since for SPPs these
eld components are related by Equations 2.3-2.5, we can intuitively
see that their relative variation gives rise to a modication of the SPP
wavevector, as it will be explained in detail in the following section.
IIISome details of the Kerr eect for two congurations can be found in the Ap-
pendix A.2
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(a) Transverse (c) Longitudinal (b) Polar 
Figure 2.8: Dierent congurations of the Faraday (transmission) and Kerr
(reection) eects. "1 represents the \non-magnetic" material and "2 the \mag-
netic" one. (a) Transverse conguration: the magnetic eld is applied in the
sample plane and perpendicular to the plane of incidence. (b) Polar congura-
tion: the magnetic eld is perpendicular to the sample plane. (c) Longitudinal
conguration: the magnetic eld is parallel to both the sample plane and the
incidence one.
2.4 Magnetic Modulation of the SPP dispersion
relation
The same procedure detailed in Section 2.1.1 to nd the SPP dispersion
relation in an isotropic metal/dielectric interface can be applied in the
case of an interface where one of the media (or both) is magnetooptic,
just by introducing the appropriate dielectric tensor to describe that
medium. For the transverse conguration, and keeping the same coordi-
nate system that for Figures 2.1 and 2.8, this nally results in a magnetic
eld modication of the SPP wavevector kx, introducing a term in the
SPP dispersion relation (18;78), linear with the normalized magnetization
m:
kx( ~B) = k
0
x +kx m; (2.14)




, therefore  1  m  1. The maximum eect can be
achieved applying magnetic elds large enough to saturate the sample
so that m is either 1 or  1. The proportionality factor of the magnetic
modulation of the SPP wavevector, kx, is related to the dielectric con-
stants of both materials at the interface, including the magnetooptical
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ones. For the simplest case, a single interface with two semi-innite ma-
terials, a dielectric and a metal, the expression for the modulation can
be analytically obtained as a function of the dielectric constants of the
interface materials ("1, "2) applying the scattering matrix formalism
(94).
In this case, considering that the magnetic material is the medium 2 (see
Figure 2.9), and assuming that "xz;2 << "2, the magnetic modulation










As the metal dielectric constant is complex, this modication occurs









respectively. krx and k
i
x represent dierent physical properties. Then,
the magnetic eld oers the opportunity of designing active plasmonic
systems based on the control of absorption if kix dominates, or in ef-
fective refractive index modication if krx does. Moreover, as can be
seen in Equation 2.14, the SPP modication under an applied magnetic
eld is non-reciprocal (kx(B0) 6=  kx(B0)) (18). This makes this kind
of systems very interesting for the design of integrated optical isola-
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Figure 2.9: Schema of the single interface conguration for which the mag-
netic modulation of the SPP wavevector is obtained. "1 represents the non-
magnetic material whereas "2 is the magnetic one.
2.4.1 MO activity: in the metal or in the dielectric?
Equation 2.15 shows that there is a substantial dierence in the value of
the magnetic eld modulation of the SPP when the magnetic material
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is the metal or the dielectric, since j"mj > "d. If we write the Equation











. Let's assume that we could have a metal and a dielectric




values for the optical constants of both materials at a given wavelength
to allow plasmons: "m =  20 and "d = 2. When the magnetic material
is the metal, metal = 2 and dielectric = 1, then "m = "2 =  20,










On the other hand, if the magnetic material is the dielectric, metal = 1















As it can be seen, for the same Q factor the relative modulation of the
SPP wavevector is almost 10 times larger if the magnetic material is the
dielectric than if it is the metal. This is mainly due to the dierence
in the mentioned spreading or connement of the electromagnetic eld
inside the metal or the dielectric (Subsection 2.1.1). When a magnetic
eld is applied, the modulation will be larger if the ferromagnetic ma-
terial is the one on which there is more electromagnetic eld spread. In
this example, the distribution of the electromagnetic eld of the plas-
mon along the two materials (such as in Figure 2.4) is going to change
only in position depending on which material is the metal, but not in
relative values. As there is more SPP electromagnetic eld spread along
the dielectric than along the metal, if the ferromagnetic material is the
dielectric the SPP would feel more the magnetic inuence and the mod-
ulation will be larger.
42
2.4. Magnetic Modulation of the SPP dispersion relation
However, it also happens that, for actual materials, the Q factor is
larger for a ferromagnetic metal (Co, Fe or Ni) than for a ferromagnetic
dielectric (garnets or ferrites). For example, at 2 eV the real part of
the Q factor for Co (100;101) , an iron garnet (102)IV, and a Co ferriteV
are  0:019,  0:003 and  0:001, respectively. So the example shown
before is not a realistic result, and results using actual dielectric or metal
ferromagnetic materials are similar. However, this helps us to illustrate
the main aspects that concern the appropriate choice of materials for the
modulation of the SPP wavevector. Some works have demonstrated SPP
modulation by using Au/ferromagnetic dielectric interfaces (95;103), but
in this thesis we have chosen the ferromagnetic metal because it can be
easily fabricated and the magnetic elds needed to achieve saturation are
smaller. Nevertheless, the metallic part cannot be just a ferromagnetic
material since, as it has been said, it lacks of competitive plasmonic
properties. An appropriate trade-o is then working with multilayers
combining noble and ferromagnetic metals (23).
2.4.2 Thin Ferromagnetic Layer
However, this is an ideal situation, and it has been explained the conve-
nience of using metallic multilayers combining ferromagnetic and noble
metals. The simplest multilayer relevant here consists of a system with a
single metal/dielectric interface and a thin ferromagnetic metallic layer
inserted in the noble metallic material (see Figure 2.10). We have ob-
tained an expression for the modulation of kx applying Maxwell equa-
tions in a system consisting of a trilayer and a semi-innite dielectric,
taking the dielectric tensor to account for the optical and magneto-
optical response of the ferromagnetic layer and in the approximation
that this ferromagnetic layer is very thin (23;104). Then the magnetic
IVY3 xBixFe5O12, with x = 1:07
Vexperimentally obtained at IMM
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where kiz;m is the imaginary part of the vertical component of the SPP
wavevector in the noble metal layer, m is the penetration distance of the
SPP electromagnetic eld in the metal, h is the thickness of the upper
noble metal layer, tferr is the thickness of the ferromagnetic layer, k0
is the wavevector of the incident light in vacuum, "m is the (isotropic)
complex dielectric permittivity of the noble metal, "d is the dielectric
constant of the dielectric medium (supposed real), and "ferr and "xz are
the diagonal and non-diagonal elements of the complex dielectric tensor
for the ferromagnetic layer. These parameters are shown in Figure 2.10.




Hferr,   Hxz 
Figure 2.10: Schema of a single metal/dielectric interface conguration with
a noble metal/thin ferromagnetic metal/noble metal multilayer.
metal layer inserted for SPP modulation has been demonstrated in Ref.
23. The system analyzed there consist of a 200 nm gold layer with a thin
layer of cobalt inside, forming a Au/Co/Au trilayer. Gold provides the
suitable SPP properties, it presents no (or negligible) degradation with
time and its functionalization processes are well known, so that it can
also be implemented in a biological application. Co is the ferromagnetic
metal chosen due to its large enough MO constants and its relatively
low saturation magnetic eld. The Co layer thickness is of 6 nm, so the
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\thin layer approximation" can be applied (104). The position of the Co
layer is varied from 5 to 45 nm. In this work, Temnov et al., by means of
plasmonic interferometry (which will be explained in detail in the next
chapter) have calculated the modulation of the SPP wavevector kx
under an applied magnetic eld. They have obtained that the magnetic
modulation of the SPP decays exponentially with the Co layer position,
in agreement with Equations 2.19 and 2.20. This result illustrates the re-
lation between the spreading of the electromagnetic eld inside the MO
active layer and the modulation of the SPP wavevector. Figure 2.11
shows the evolution of the magnetic eld modulated SPP wavevector
as a function of the Co depth. As it can be seen, it presents an expo-
nential decay and, in fact, the skin depth of the SPP into the trilayer
is experimentally obtained using Equation 2.20, being of about 13 nm.














Figure 2.11: Extracted from Temnov et al. (23) Evolution of the magnetic
modulation of the SPP wavevector as a function of the position of the Co layer
for a Au/Co/Au trilayer. It shows an exponential decay with a penetration
depth of 13 nm.
SPP wavevector modulation but they also show promising properties as
an optical switch, so that they can act as a device per se. Indeed, mod-
ulation depths up to 2% are demonstrated in that work, which seems
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promising for potential applications. These results have then encour-
aged us to undertake a deeper study of this kind of MP interferometers
with noble metal/thin ferromagnetic metal/noble metal multilayers, in
order to understand all the parameters that inuence the values of the
SPP wavevector modulation as well as the possibilities to enhance it.
The basis of magnetoplasmonic interferometry, both as a device as well






Interferometry is known as a very sensitive and reliable technique
both at the micro- and macro-scale, and it has been applied during many
years and in many areas such as astrophysics (105;106), imaging (107{109),
sensing (110), or integrated photonics (111;112). One of the most famous
experiments regarding interferometry took place in 1887, when Michel-
son and Morley built an interferometer to detect the presence of ether
in the space and see its eect on the speed of light(113). The experi-
ment did not succeed, resulting in that there was no ether at all, but
the use of this kind of interferometer to have very accurate results was
then well established. Recently, the concept of wave interference has
been extended to surface plasmons, and it has given rise to the so-called
plasmonic interferometers (20;21;71;114{116). In fact, plasmonic interferom-
etry has been demonstrated, both theoretically and experimentally, for
sensing (117{123) as well as for integrated devices (116;124;125).
The ability of interferometry to detect and be sensitive to small mod-
ications of the light and of the SPP properties, makes it a straightfor-
ward tool to combine it with an external agent and detect active control
of SPPs (64;67;71). Therefore, a SPP interferometer coupled with a mag-
netic eld will constitute our magnetically modulated SPP interferom-
eter (23). Moreover, this magnetoplasmonic (MP) interferometer can be
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used not only to measure the magnetic eld induced modication of the
SPP wavevector, but also as a device itself, a modulator or an optical
switch, as it will be shown.
In this chapter, we are going to describe the experimental and theo-
retical details of magnetoplasmonic interferometry. We will rst analyze
MP interferometers as a technique for measuring the magnetic modula-
tion of the SPP wavevector (kx), and after that we will evaluate their
characteristics as a device (modulator) for a circuit.
3.1 Interferometry
There are several types of interferometers, but all of them consist in
the superposition of two waves and the analysis of the pattern that is
formed due to the dierent paths traveled by the two waves (126). Usually
one of the waves is xed as a reference, while the other one travels
dierent paths, depending on the properties that are studied. For a
basic Michelson interferometer, outlined in Figure 3.1, the intensity of
the interference can be written as:
IT = jEA + EBj2 = IA + IB + 2
p
IAIB cos[k0(A B)]; (3.1)
where A and B refer to the two arms of the interferometer, and k0 is the
light wavevector in air. Depending on the dierence between the two
optical paths, k0(A B), this interference will be constructive (maxima
of the sinusoidal term) or destructive (minima of the sinusoidal term),
as can be seen from Equation 3.1.
3.2 Plasmonic interferometers
A plasmonic interferometer can involve dierent kind of waves, and can
be analyzed in the far eld or in the near eld. Only in the near eld we
have direct access to SPPs (evanescent waves), and a SPP can interfere















Figure 3.1: Schema of a basic Michelson interferometer. The incident light,
of wavevector k0, is split into two beams that travel dierent distances A and
B. When the two beams are superimposed, each of them has covered a dierent
optical path, resulting in a interference. Since one of the mirrors can be moved,
the distance B will vary, therefore leading to a complete interference pattern.
on the other hand, we work with radiative (non evanescent) waves, i. e.,
with light that has decoupled from the SPP, but not with the SPP itself.
An example of this is the interference between incident light and light
that has decoupled from a SPP (22), or between two light beams decou-
pled for two SPPs (128). There are several congurations for plasmonic
interferometers, with parallel slits (20;21;71;129), tilted slit-grooves (22;119),
or series of parallel slits or grooves (114;123).
In this thesis, most of the work will be done in the far-eld using
a tilted slit-groove interferometer that will be completely described in
this chapter. There, interference of incident light with light that has
decoupled from a plasmon will take place. However, in Chapter 6 we
will also propose dierent interference congurations for the near eld,
such as two parallel slits. The plasmonic interferometer that we have
used in our far eld analysis is the same as in Ref. 22. It consists of a
200 nm Au layer with a slit and a tilted groove engraved on it (Figure
3.2). Upon illumination of the interferometer with a p-polarized laser,
part of the impinging light goes through the slit and part of it scatters
on the groove exciting a SPP that propagates towards the slit. At the
slit, the SPP is again scattered and converted back into radiative light.
















Figure 3.2: (a) Sketch of the tilted slit-groove plasmonic interferometer. (b)
Experimental image of the interference pattern showing some relevant param-
eters.
light directly transmitted through the slit, (Ar)
2, and light coming from
the decoupled SPP, (Asp)
2. The dierence of optical paths between the
two waves is then the product of the SPP wavevector by the distance
traveled by the SPP, which is the distance between slit and groove. Since
these are tilted, this distance is going to be dierent along the slit, d(y).
As in the basic interferometer explained above, the intensity collected
at the back side of the slit, which we call plasmonic intensity, I, is given
by:
E = Ar +Aspe




I = jEj2 = Ar2 +Asp2e 2kixd + 2ArAspe kixd cos(krxd+ 0);
(3.2)
being d = y  tan + d0 and d0 = d(y = 0) where krx, and kix are the
real and imaginary parts of kx, d stands for groove-slit distance, d0 is
the initial separation between groove and slit,  is the slit-groove angle,
y is the position along the slit, 0 is an arbitrary phase intrinsic to
excitation process of the surface plasmon at the groove, and Ar and Asp
are the amplitudes of the directly transmitted light and the excited SPP
respectively. This plasmonic intensity exhibits a sinusoidal interference
pattern of maxima and minima along the slit axis, since the distance
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covered by the SPP varies along the slit, d(y).
From this expression (Equation 3.2), there are several factors that
we have to take into consideration. One is that the interferometer has
to be thick enough to be opaque to the laser beam, in order to improve
the contrast of the interference pattern. However, if it is too thick,
we would not be able to see the groove to focus our beam. In our
experiments, a 200 nm interferometer has been the right compromise.
Another fundamental aspect is that, since metals always have losses, the
SPP electromagnetic eld is being continuously attenuated during SPP
propagation. This has been considered in Equation 3.2 by explicitly
showing the dependence of I with kix. In the interferogram, this would
result in an exponential decay in the contrast as d(y) increases. How-
ever, this is very small for a single interferometer and as far as the SPP
can reach the slit, the eect of the losses is not experimentally observed
in the pattern. Nevertheless, the importance of the losses can be exper-
imentally observed when we use dierent materials. For the same d, a
metal with larger absorption leads to a larger reduction of the contrast
of the interference than a metal with lower absorption. Indeed this has
clearly been seen experimentally when comparing the interferences of a
200 nm Au layer with those of a 200 nm Au/Co/Au trilayer (the one
needed for the MP interferometry).
3.3 Magnetoplasmonic far eld interferometry
The MP interferometer is a plasmonic interferometer with an appropri-
ate magnetic eld applied and a ferromagnetic component so that we
have a signicant signal modulation. In our case, as it has been ex-
posed in the previous chapter, we have chosen to work with a thin (6
nm) Co layer inside the thick Au layer (Section 2.4.2), so that our MP
interferometers consist of a 200 nm Au/Co/Au trilayer. The details of
the fabrication of the interferometers and their characterization can be
found in the Appendix A. As we saw in Chapter 2.4, the appropriate
magnetic eld to modify the SPP properties is that applied parallel to
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the sample plane and perpendicular to the SPP propagation direction, i.
e. transverse conguration. The left part of Figure 3.3 shows an sketch
of these MP interferometers. When we apply the transverse magnetic
eld, we induce a change in the SPP wavevector kx (Equation 2.14), and
as a consequence we modify the SPP optical path in the interferome-
ter (kx  d, as can be seen in Equation 3.2). This results in a magnetic
modulation of the plasmonic intensity I. Actually, this wavevector mod-
ulation will produce a shift in the plasmonic interferogram along the slit,
y, as it is shown in Figure 3.3. Therefore, at a xed point within the
slit, there will be a modulation on the plasmonic intensity I. Both
quantities, I and y, can be measured, but it is usually more accu-
rate to detect I (and therefore this is what we have implemented in
our experimental conguration). When we apply an alternating mag-
Figure 3.3: (Left). Cross-section of the MP interferometer, where we have
introduced a thin ferromagnetic metal in the metallic layer. (Right) Illustration
of the eect of the magnetic eld on the plasmonic interferogram. The magnetic
eld induces a change in the SPP wavevector and, as a consequence, there is a
shift in the interference pattern along the y direction. Then, at a xed position
along the slit y there is a variation in the intensity.
netic eld, we can detect the variation of intensity associated with the
magnetic eld applied, I at each point of the slit. This constitutes the
MP interferogram (Imp, Figure 3.4). From Equations 3.2, and 2.14, the
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expression for the MP intensity can be written as:
Imp = I = I(+M)  I( M);
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where kx = k
r
x + i kix, M is the magnetization of the sample, and
m is the normalized magnetization of the sample (see Equation 2.14),
since we work always in saturation, from now on we will assume that
m = 1. It is important to notice also that we work at normal incidence,
and in that condition the Faraday transverse eect is zero. Therefore,
there is only magnetic modulation of the wave that has decoupled from
the plasmon, but not of the directly transmitted one.
As kx d is small, we can rst assume that sinh(k
id)  kid, cosh (kr;id) 
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As it can be seen in Equation 3.5, except for an oset term, the modu-
lation of the MP signal, is mainly related to the amplitude of the com-
plete wavevector, jkxj. The modulation of the imaginary part, kix,
on the other hand, induces a phase shift, , between the plasmonic
and the magnetoplasmonic signals (Figure 3.4). Hence, comparing both
the plasmonic (without magnetic eld) and the MP interferograms we
are able to determine both the module and the imaginary part of the
modulation. From the two equations 3.2 and 3.5, it can be observed
that the ratio between the contrasts of both signals is proportional to
the product jkxjd. Thus, we can extract the value of the module of
the magnetic modulation of the wavevector from our plasmonic and MP





Imax   Imin   2jkxjd (3.6)
Having  = 0 (kix << k
r
x) means that there is no extra phase
Figure 3.4: Plasmonic (upper pannel) and MP(lower pannel) interferograms
as a function of the position along the slit for an interferometer fabricated in
a Au/Co/Au trilayer of the following composition: a bottom Au layer of 179
nm, a middle 6 nm Co layer and an upper gold layer of 15 nm. The graphics
on the right show a zoom of the ones on the left. The amplitude of the MP
signal, related to jkxj, and the phase shift induced by kix, , are indicated.
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shift due to the magnetic eld, and as a consequence, a maximum in I
(cosine dependency) will match a zero of Imp (sine dependency). Figure
3.4 shows how, as  is small, the maxima in I almost match the zeros of
Imp. In order to get information about k
i
x, we rst obtain jkxj values
as it is explained above, then we compare again the interferograms, and
with the module jkxj values we are able to nally calculate kxi from
the dephase .
3.4 Experimental implementation
Once the bases of our MP interferometer have been described, we will
explain the experimental setup that we have installed in our laboratory
to measure I and Imp and to obtain the value of the magnetic modulation
of the SPP wavevector kx. A photograph and a diagram of the actual
optical setup is shown in Figure 3.5. As has been mentioned in Chapter
2.4.2, the MP interferometers that have been implemented (23) consist of
Au/Co/Au trilayers. The total thickness of the trilayer is 200 nm, with
a 6 nm Co layer placed at dierent positions, from 5 nm to the surface
up to 45 nm. There, a slit of 100 nm width and a tilted groove of 200
nm, both of 50 m length (the actual interferometer, see Figure 3.3)
have been patterned with a Focused Ion Beam. It has to be said that
the slit and groove widths have not been optimized to launch the SPP
at any given wavelength, so its eciency will depend on the particular
wavelength used (59). We have worked with dierent initial slit-groove
separations, d0 = 0, 10, and 20 m, and two dierent angles ( = 3
and 5). All the details of the sample fabrication, as well as the optical,
magneto-optical and magnetic characterization of the samples, needed
to know their optical and MO dielectric constants and the saturation
magnetization, are collected in Appendix A.
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Figure 3.5: Photograph (upper image) and diagram (lower image) of the
setup for the acMP interferometric measurements. We focus the laser with
an objective on the interferometers, that are located inside the gap of a C-
shaped coil. With a 20 objective we form an intermediate image where we
place the scanning slit, connected to a stepper motor. From that point we
split the beam in two: one arm goes to a camera to have a reference image of
the interferometers and the scanning slit position and the other arm is focused




We illuminate our system with a p-polarized laser at dierent wave-
lengths: 532, 633, 680, 785, 860, or 890 nm. In order to focus our
beam into the interferometer, a 5 objective is used. Then, the light
transmitted to the other side of the slit is collected by a 20 objective,
which produces an intermediate image of the interferometer. At this
intermediate image, we place a macroscopic slit that acts as a pinhole,
letting pass just a small portion of the whole interference pattern. This
pinhole, which can be opened and closed in order to collect the desired
portion of the interference pattern, is mounted on a stage controlled by
a stepper motor, programed to scan the complete slit of the interfer-
ometer in small steps. After that, the beam path is split into two by
a beamsplitter. One path focuses again the back side of the slit to a
camera connected to the computer, to have a reference of the complete
interference pattern, the step size, placement and aperture of the pin-
hole, and the position of the laser on the interferometer. The other path
goes through a cylindrical lens and focuses the beam in a photodiode,
which collects the transmitted intensity.
There are some delicate points in this setup. To have well dened
interferences, it is fundamental where we focus the laser at the interfer-
ometer. The incident spot must be between the slit and the groove but
closer to the groove, so that we generate enough SPPs, but also let light
pass through the slit, in order to have a good interference contrast (good
balance between Ar and Asp in Equation 3.2). Another trade-o has to
be achieved with the aperture of the external slit or pinhole. It must
be wide enough to get sucient signal, but not too opened to prevent
excessive convolution of the sinusoidal signal that can smooth down the
interferences.
The magnetic eld is applied along the y direction, i.e. parallel
to the interferometer slit and thus in a transverse conguration. It is
applied using a C-shaped coil with the sample placed at its gap. This
coil consists of a Cu wiring surrounding a ferrite core of toroidal shape
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with a gap in it. Since we wanted to work at high frequencies in order to
avoid noise from the 50  100 Hz signal of the electric installation, and
vibrations, we made an electrical RLC circuit consisting of a resistor,
an inductor, and a capacitor. We connect our C-shaped coil of L  2:2
mH to a 11:3 F capacitor, which results in a circuit with a resonance
frequency of about 1 kHz. This coil is fed with an alternating current of
approximately 2:5 A amplitude at the resonance frequency of the system
provided by a Kepco source. This leads to a magnetic eld at the coil
gap of about 20 mT, which is enough to saturate our interferometers
(see Appendix A).
The introduction of the magnetic eld is also a sensitive aspect for
the experiment. The small distance between the two objectives needed
to focus the laser and image the sample made the choice of an adequate
manner of applying this magnetic eld on the sample essential. In fact,
with an open shaped ferrite coil as the one shown in Figure 3.6 (b),
either our interferometer or its image often moved synchronously with
the magnetic eld, introducing a noise into our measurements. This was
because the magnetic eld lines reached the metallic/magnetic objectives
or the sample stage. It was solved using a C-shaped (almost closed
shape) ferrite core. In this case, the magnetic eld is quite localized and








Figure 3.6: (a) C-shaped coil conguration: the eld is concentrated in the
gap where the sample is located. (b) Open shaped ferrite coil: the magnetic
eld leaks out of the sample position, and it can induce some movement of the
sample or the objectives.
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3.4.2 Data acquisition and analysis
From the photodiode, we obtain an intensity signal that consists of two
components: a continuous (DC) component, that corresponds to I; and
an alternating (AC) one at the frequency of the magnetic eld, 1 kHz,
which is I = Imp. In order to separate and analyze both I and Imp, we
carry the signal to an amplier that converts it from current into voltage
and amplies it. This voltage signal is split then into two channels. One
channel is recorded by a DAQ-card at the computer, which integrates
it over a time longer than one cycle and then corresponds to the DC
component, the plasmonic intensity. The other channel is fed to a lock-
in amplier, where it is ltered to select only the part of the signal that
varies with the frequency of the magnetic eld and then results in the AC
or Imp component. The lock-in provides both the X and Y components
of the AC component:
X = Imp cos();
Y = Imp sin();
jImpj = (X2 + Y 2);
(3.7)
where  is the relative phase between the input signal and a reference
signal fed to the lock-in at the same frequency as the applied magnetic
eld. This phase is usually set to zero at the beginning of each measure-
ment. The X and Y components of the AC signal are brought to other
channels of the DAQ-card and to the computer. The three signals (DC
component, X and Y of the AC component) are registered by a com-
puter, where we have automated the process to calculate and represent
all the desired parameters as explained below, and to verify whether
there is noise or not, as shown in the next section.
From X and Y of the AC component, both the amplitude and sign of
Imp are readily obtained. Although there is an uncertainty in the sign
(phase) of the MP signal (we can choose the phase of X or of Y ), this is
a  jump, which is not relevant for us. Usually one of the components is
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much bigger (and less noisy) than the other one, so that we pick up the
sign of Imp from that one. Summarizing, the plasmonic intensity I is
directly the DC component, and the magnetoplasmonic intensity Imp is
the module of the total lock-in signal (see Equation 3.7) with the phase
taken from the X or Y signal.
To obtain the module of the modulation we apply Equation 3.6. As
we compare the contrasts of both I and Imp, an oset or background
in the signal does not inuence the result. Since both are sinusoidal
signals, we get Imax and Imin, and Impmax and Impmin, and then we get
the ratio so that:
Impmax   Impmin
Imax   Imin  2jkxjd (3.8)
As the ratio of contrast is proportional to the product jkxjd, and d,
the distance between slit and groove is known for a given interferometer,
we can extract the value of the module of the magnetic modulation of
the wavevector.
On the other hand, to get information about , we compare both
interferograms, using Equations 3.2 and 3.5. From the original DC signal
we subtract the Gaussian shape background (see Figure 3.4), coming
from the intensity distribution of the incident Gaussian beam. Then,
we t this redressed intensity to a sinusoidal expression to obtain the
period and phase of the signal. With this data, we t the MO signal
to another sinusoidal dependence and we obtain the phase of this last
signal too. With these two phases we are able to gure out the extra
phase shift. Once we have jkj and , we can extract both krx and
kix by solving the system of two equations with two unknowns. For the
cases where kix is small, and thus  is small, we can initially disregard
it and consider that the ratio of the contrasts is proportional to krxd.
Then, we obtain krx directly from there, and k
i
x is obtained from the
denition of . It has to be mentioned here that the sinusoidal ttings,
and therefore the obtained phase shifts, are very variable and dicult to
calculate. As a consequence, large number of measurements are needed
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for each interferometer in order to have good statistics.
3.4.3 Noise sources
 ELECTROMAGNETIC NOISE
Sometimes an electromagnetic noise whose origin we have been unable
to determine appears during the measurements. As we could not iden-
tify the cause of this noise, we could not eliminate it, but we developed
an easy check to lter the measurements aected by the noise. When
we begin a measurement (the registration of an interferogram), we rst
set the lock-in phase to zero. Our MP intensity responds with a phase
shift,  (Equation 3.7), constant along the measurement. Nevertheless,
sometimes this phase  becomes not constant along the measurement.
This is related to the presence of the electromagnetic noise, which is
dephased with respect to both the lock-in reference signal and the MP
intensity, thus the phase  of the recorded signal uctuates along the
measurement. Therefore this noise can be clearly identied when repre-
senting X-Y plots of the MO signal from the lock-in. When this noise is
not present during the measurement, the X-Y plot is a line, while when
the electromagnetic noise is present, the X-Y plot becomes an ellipse.
 MOVEMENT OF THE INTERFEROMETERS
Although the use of C-shaped coils greatly reduces the leakage of electro-
magnetic eld outside the sample position, and therefore the movement
of the sample or of the imaging system induced by the magnetic eld,
this cannot be completely eliminated. However, the inuence of this
movement can be easily calculated. If we neglect the modulation of the
imaginary part, we get an easier expression that still contains all the
relevant aspects to take into account:
I =  4ArAsp  (kd+kd)  sin(kd+ 0); (3.9)
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dening d = d(+M) d( M)2 . As it can be seen, in principle, the eect of
the movement is adding a factor that is proportional to the movement
induced by the magnetic eld (d). Then, the ratio between I contrast
and Imp contrast would be kd+ kd, not only kd. Therefore, if the
ratio between Imp and I is proportional to the distance d between the
slit and the groove, we can trust that the movement is much smaller
than the induced modulation and it can be neglected. Indeed, this is
what happens in our experiments since we changed to the C-shaped coil.
3.5 Theoretical simulations
We have already described how we obtain experimentally the magnetic
eld driven modulation of the SPP wavevector. To further check our
results and make new predictions, we have compared our experimental
results with the corresponding simulations. Theoretically, our multi-
layered air/Au/Co/Au/glass system is modeled by means of a scatter-
ing matrix formalism where the magneto-optical activity is accounted
for by describing the Co layer with the corresponding dielectric ten-
sor (19;89;104;130;131). Then, a numerical solver for guided modes is applied
to nd the SPP supported by the metal-air interface in presence and ab-
sence of an applied magnetic eld B. In order to make the simulations
as accurate as possible, the optical and MO constants of the dierent
materials involved have been obtained experimentally, and are shown in
Appendix A.2.
The scattering matrix formalism consists of relating the waves that come
into the system with the ones that get out the system by means of
the scattering-matrix, which is the matrix that represents our multilay-
ered system with the corresponding magnetooptical constants (Figure
3.7). The calculation of this matrix involves Maxwell's equations and
the boundary conditions evaluation at each interface. Regarding the
calculation of the SPP dispersion relation, which is the parameter that
we use the most, it is assumed that no incoming waves are allowed, as
well as that it is an exponentially decaying transverse wave, therefore
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the SPP wavevector is obtained by setting the scattering matrix deter-
minant to zero. The description of this procedure can be seen in more


















Figure 3.7: Scattering Matrix Method. The Scattering matrix relates the
outcoming waves (no matter whether they are at the left or at the right side)
with the incoming ones. If there is no incoming waves, the only possibility to
obtain outcoming ones is when the determinant of the scattering matrix is zero,
which leads to the obtainment of the modes of the system.
our actual interferometer as well as its magnetic modulation for all the
gures shown in this thesis. Moreover, we are also capable of obtaining
the evolution of the electromagnetic eld of the SPP as a function of the
vertical distance (as in Figure 2.4) for dierent wavelengths using the
same formalism (130).
3.6 Magnetoplasmonic interferometer as a de-
vice
During all this chapter, we have explained the use of MP interferometers
as a tool to measure the modulation of the SPP wavevector induced by
the magnetic eld kx. Nevertheless, as mentioned in Chapter 2, it can
be a device per se. In Chapter 5 I will show that it has possibilities as a
sensor (82), but this section is devoted to its use as an optical modulator
or as an optical switch (23), which is quite promising. Indeed, the mag-
netic eld needed to saturate the device can be easily achieved and it
has a quite high potential switching speed, as it has already been men-
tioned. Besides, the fabrication process of the trilayer is not a complex




Thinking on the MP interferometer as a switch, we modulate the
plasmonic intensity I, obtaining Imp, which is the relevant parameter.
The rst analysis of the performance of these MP interferometeres as
modulators considered the parameter Imp=I as a gure of merit. This
preliminary implementation, demonstrated in Ref. 23, has modulation
depths of about 2% (as it is shown in Figure 2.11), and in this thesis we
are going to study how that modulation can be further optimized. In
Equation 3.6, it can be seen the expression for the normalized magne-
toplasmonic intensity Imp=I, which is proportional to 2jkxj  d. Then,
it is obvious that the larger the distance between slit and groove, d, the
higher the modulation. However, the separation between the slit and
the groove d cannot be increased without limitations, but it must be
related to the propagation distance of the plasmon Lsp, as this is nite
(see Chapter 2.1.1). Thus, a more appropriate gure of merit (FOM)
to analyze the performance of the MP interferometer is the product
2kx  Lsp. We have thus used this gure of merit during this thesis
when dealing with the optimization of the system for the design of plas-
monic modulators. Moreover, we have seen experimentally that with
distances between the slit and the groove of d = 3Lsp we have a reason-
able contrast, which means that this gure of merit can be increased up
to 6jkxj  Lsp. In Figure 3.8 it is presented both kx and the gure of
merit of an Au/Co/Au interferometer as a function of the Co depth. It
can be then seen that there are two fundamental parameters regarding
the materials used for MP interferometry: the magnitude of the mag-
netic eect on the SPP wavevector (kx), and the absorption of the
material, that will aect both Lsp and the contrast observed in the in-
terferences. As it can be seen from Figure 3.8, although the wavevector
modulation decreases exponentially with the position of the Co layer,
the increase of the SPP propagation distance due to the reduction of
absorption, smooths the decay of the gure of merit. Therefore, and in
order to prevent oxidation of the Co layer, trilayer systems of h = 10 15
nm would be quite adequate.
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Figure 3.8: (a) Magnetic modulation of the SPP wavevector and (b) gure of
merit as a function of the Co depth at 785 nm. h is the thickness of the upper






Magnetic Modulation of SPP
in Au/Co/Au trilayers
In Chapter 2, it is explained how it is possible to modify the SPP
wavevector by applying a magnetic eld. It is also justied that an
appropriate system for this is a noble metal/ferromagnetic metal/noble
metal trilayer. Moreover, in Chapter 3, it is shown how this concept can
be implemented in a MP interferometer. There it is detailed how, with
the MP interferometer, we can extract information about the magnetic
modulation of the SPP wavevector, but also how it is possible, with
a magnetic eld, to modulate the transmitted intensity. In a previous
work, the proof of concept of these magnetoplasmonic interferometers
has been demonstrated (23). The obtained intensity modulation achieved
there is of about 2%, being the work made at a single wavelength and
without any optimization, showing only the real part of kx. However,
the practical application of a magneto plasmonic interferometer as an
optical switch requires further optimization of the multilayer lms to
achieve the maximum possible SPP wavevector modulation. In this
chapter we will carry out a deep experimental and theoretical analysis
of magnetic modulated systems with these MP interferometers in order
to understand the physical parameters governing the modulation, and
to optimize the performance of magnetoplasmonic interferometers as
devices. In particular, the spectral dependence of the SPP wavevector
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modulation will be studied. This has allowed us to determine the role
of the SPP eld distribution in the nal value of the modulation as well
as to identify the optimum spectral region to use these interferometers.
Furthermore, we will nish by analyzing a very simple way to increase
its magnetic modulation by covering the interferometers with a thin
dielectric overlayer.
4.1 Spectral dependence of the SPP
wavevector magnetic modulation
In this section, we will study the spectral evolution of the modulation of
the SPP wavevector in the visible and in near-infrared (from 500 nm to
1 m) for Au/Co/Au multilayered systems. This way, we will nd the
optimum spectral range for application purposes. The magnetic eld
allows the modulation of both the real and imaginary parts of the SPP
wavevector. Thus we will also measure the magnetic modulation of the
imaginary part of the SPP, which has not been done before, and analyze
its physical meaning. As it will be shown, the relative weight of each
part depends on the wavelength range, so this aspect has to be taken
into account if one wants to optimize the response in these systems. We
also discuss the dependence of both modulations on the dierent optical
and magneto-optical parameters of the system as a way to understand
the main parameters that determine their value. Finally, we will expand
the study to other ferromagnetic metals.
4.1.1 Evolution of krx with the position of the Co layer
for dierent wavelengths
To provide a preliminary insight on the parameters governing the val-
ues of the modulation of the SPP wavevector (kx), we show here the
evolution of the real part of kx with the position of the Co layer (h)
for dierent wavelenghts (633, 690, 785, 860, and 980 nm), both the-
oretical and experimentally. The interferometers considered are those
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described in Chapter 3.4 and sketched in Figure 3.2. The values of kx
have been obtained with the procedure explained in Section 3.3, and the
numerical simulations were performed as indicated in 3.5. The obtained
results are presented in Figure 4.1, where it can be seen that, for a given
wavelength, there is always an exponential decay of the modulation of
the real part of the SPP wavevector as a function of the depth of the
Co layer. As it was shown in Chapter 2.4.2, this is due to the evanes-
cent nature of the SPP: its electromagnetic eld decays exponentially
inside the metal, and therefore the deeper the Co (ferromagnetic) layer
the less electromagnetic eld it experiences, and as a consequence the
less magnetic modulation will be achieved (23). So, this shows that the
distribution of the SPP electromagnetic eld is an important factor to
determine the absolute value of the wavevector modulation. Moreover,
the slope of the exponential decay increases with the wavelength (al-
though the dierence decreases for larger wavelengths). This is due to
the dierence in the penetration depths of the electromagnetic eld in
the trilayer, , for the dierent wavelengths. As discussed in Chapter
2.1.1 (see Figure 2.3), the penetration depth in the metal decreases when
the wavelength increases because of the stronger screening of the metal
to the electromagnetic eld at lower frequencies. Our calculated values
agree well with those otained in Ref. 23, where the penetration depth at
808 nm was 13 nm. Finally, the data presented in Figure 4.1 also show
that, for the same position of the Co layer, the values of kx
r decrease
for increasing wavelengths, and the modication of  is not enough to
account for these dierences. In the next subsection we will analyze this
spectral evolution in more detail.
4.1.2 Spectral behavior of krx and k
i
x
To analyze the spectral behaviour of krx and k
i
x, we will focus on
a single value of the position of the Co layer, h = 15 nm. We have
measured krx and k
i
x by illuminating the magnetoplasmonic interfer-
ometers with several lasers of dierent wavelengths (0 = 532, 633, 680,
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 690,  15.5 nm
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Figure 4.1: Experimental data (lled symbols, only at 633, 690, and 785 nm)
and simulations (lines) of the evolution of krx as a function of the Co layer
position for dierent wavelengths in a logarithmic scale. The calculated values
of the penetration distance (skin depth) for each wavelength are also shown.
785, 860 and 980 nm). The obtained results are plotted in Figure 4.2
(lled symbols). The upper graph corresponds to the real part of the
modulation, and the lower graph to the imaginary part. Together with
the experimental results, Figure 4.2 also includes, as dashed lines, the
values of krx and k
i
x obtained from numerical simulations. As it can
be seen, the agreement between the experimental and the simulations
is very good. As Figure 4.2 shows, the general trend for both real and
imaginary parts of the wavevector modulation is that the modulation
value decreases with wavelength. In principle, this is an unexpected be-
havior as the absolute value of the MO constants of Co increase with
wavelength (see Figure 4.3 (a) and Appendix A, Figure A.9), and its
origin will be discussed in detail in the next section. The same behavior
has been obtained for three dierent positions of the Co layer(81), as can
be deduced from Figure 4.1. Regarding the real part of kx, it presents
a peak at low wavelengths (0 = 530 nm)
I. As it has been mentioned in
IAlthough this peak has not been experimentally conrmed since the very short
plasmon propagation distance at wavelengths below 530 nm has prevented the mea-
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Figure 4.2: (Left)Wavelength dependence of krx (upper graph) and k
i
x
(lower graph) obtained for magnetoplasmonic trilayers with h = 15 nm. The
lled symbols correspond to experimental values and the dashed lines to values
obtained numerically. (Right) Calculated and experimental ratio kix=k
r
x,
which corresponds to tan.
Chapter 2.1.1, this peak is not associated to a resonant behavior but to
the presence of absorption in the metal, that makes the SPP dispersion
relation \bend" around this wavelength close to the surface plasmon
resonance frequency (5). This will be discussed in more detail in the
next subsection. As for the imaginary part, it is, in general, smaller
than the real part in most of the spectral range. Only in the small
wavelength region (0 <520 nm), again close to the surface plasmon
resonance frequency, the imaginary part dominates. At this wavelength
range, there is a discrepancy between theory and experiment, mainly
due to the very short SPP propagation distance, which worsened signif-
icantly the signal-to-noise ratio during experiment. Taking into account
the ratio between imaginary and real part modulations, shown at the
surement, the good agreement between measurements and simulations in the rest of
the spectral range allows us to trust the presence of this peak
71
4. Magnetic Modulation of SPP in Au/Co/Au trilayers
right graph included in Figure 4.2, three spectral regions can be dened.
For lower wavelengths (0 < 520 nm), the dominant part of the mod-
ulation is the imaginary one, but this is a region where plasmon losses
are too high to envisage any practical application of these systems (see
Figure 2.2 (b) as a reference). For the central range, between 0 = 550
nm and around 750 nm, the relevant component of the modulation is
the real part, being the imaginary one a small perturbation that can
be discarded (tan  0) (23). Finally, for the long-wavelength region
(0 > 750 nm) the ratio increases, so that the imaginary part has to be
taken into account in order to accurately describe the system. Taking
all this into account, we can see how magnetoplasmonic modulators can
be implemented in the form of interferometers, based on the intensity
variation given by Equation 3.5. Although the magnetic eld induces
kix, modulators based on attenuation would not be possible because
this term only dominates for a spectral range not relevant. Thus, these
magnetoplasmonic modulators will be based on the modulation of the
real part of the SPP wavevector, krx. In the long-wavelength region,
however, the contribution of kix () cannot be neglected and it is im-
portant to nd the slit-groove distance of maximum response.
Although the magnetic eld induces kix, modulators based on at-
tenuation (62;66;69;71;72) would not be possible because this term only
dominates for a not relevant spectral range. Thus these magnetoplas-
monic modulators will be based on the modulation of the real part of
the SPP wavevector (23;64;67), krx, but in the long-wavelength regime,
the contribution of kix can not be neglected.
4.1.3 Dierent factors governing kx
To gain a deeper understanding on the spectral behavior of the modu-
lation of kx, an equation relating the implied parameters is necessary.
An analytical expression for kx in a noble/ferromagnetic /noble metal
trilayer can be found in Chapter 2.4.2. Here we can restrict our analysis
to the long-wavelength regime (d  kepsilonAuj) (Equation 2.20), as
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the equations are simpler to write but the involved mechanisms are the
same that considering the complete equation 2.19. This expression has
been obtained by applying Maxwell equations in a system consisting of
a trilayer and a semi-innite dielectric, taking the dielectric tensor to
account for the optical and magneto-optical response of the ferromag-
netic layer and in the approximation that this ferromagnetic layer is very
thin (23;104). Then, solving the relation dispersion of the SPP:






 QCo  Astr  Bplasm  QCo (4.1)
We can split Equation 2.20 (Equation 2.19 can be split similarly in
three terms), as shown in Equation 4.1: a structural term, Astr; a purely
optical or plasmonic term, Bplasm; and a MO term, QCo. The structural
term Astr is governed by geometric parameters regarding the structure
(tCo and h) and the z component of the SPP wavevector inside the metal,
kAuz . This last term is associated with the exponential decay of the
SPP electromagnetic eld intensity inside the metal layer, and strictly
speaking would have to be included in Bplasm as it contains optical
information. However, as in practical realizations of magnetoplasmonic
interferometers the value of h will be of the order of (kAuz =2) or smaller
(here for example we analyze h = 15 nm), and the dependece of kAuz with
the wavelength is weak, we have introduced it in Astr. The plasmonic
term Bplasm includes all the optical parameters of the system except for
those related to the ferromagnetic layer: Au, d (1 in the case analyzed
here), and k0. Thus, this term takes into account the properties of the
surface plasmon polariton supported by the system for each wavelength.
Finally, the MO properties of our ferromagnetic layer appear in the last
term through the magneto-optical parameter Q, dened, as shown in




(for Coxx and 
Co
xz the optical and magneto-
optical constants of Co, respectively). The spectral behaviour of kx
is therefore determined by QCo and Bplasm. Figures 4.3 (a) and (b)
present the dependence on the wavelength of these two quantities, using
the optical and magneto-optical constants experimentally determined for
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the metallic layers (see Appendix A). Figure 4.3 (b) shows the plasmonic
term obtained from the exact expression of Equation 2.19 as well as the
long-wavelength approximation (Equation 4.1). As it can be seen, the
long-wavelength approximation is very good beyond 700 nm.
From the results depicted in Figure 4.3 (a) and (b) we can establish
that the spectral behavior of kx in our AuCoAu magnetoplasmonic
multilayers is dominated by the plasmonic term: the absolute value of
Q increases with the wavelength while kx shows the same decreasing
behavior as the plasmonic term as well as the presence of a small peak
in the real part for small wavelengths. This shows that the evolution of
the SPP properties with the wavelength is very important to determine
the possible magnetic modulation achieved.
A signicant SPP property is the SPP eld vertical spreading, which
aects the amount of eld reaching the ferromagnetic layer. Actually,
we have seen in Section 4.1.1 that the evolution of the SPP wavevector
modulation with h is proportional to the exponential decay of the SPP
electromagnetic eld inside the metal layer. In the same way, we can
invoke here a similar mechanism: the redistribution of the SPP elec-
tromagnetic eld spreading as a function of the wavelength is the main
SPP property that determines the spectral evolution of the magnetic
modulation of the SPP wavevector (kx). As we saw in Chapter 2.1,
the information of the spectral dependence of SPP electromagnetic eld
connement, implicit in Bplasm, is contained in the dispersion relation.
If we consider the separation of the SPP wavevector from the light line,
k0x   k0, the bigger separation occurring at shorter wavelengths implies
a stronger evanescent decay and therefore a higher connement. As a
consequence, the magnitude k0x  k0 is also able to describe the spectral
shape of kx, and we have found that it does it in a very accurate way
for both krx and k
i
x for our AuCoAu trilayered system, as shown in
Figure 4.3 (c). This can be understood as follows: for longer wavelengths
the SPP wavevector is closer to the light line and thus the associated
electromagnetic eld is more spread out of the interface, while for smaller
wavelengths kx increases and the SPP eld becomes more conned to
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Figure 4.3: (a) Wavelength dependence of the magneto-optical parameter Q
for our Co layers. (b) Evolution of the plasmonic term from the analytical
expression of kx for the AuCoAu trilayers. Both long wavelength approxima-
tion and complete expressions are plotted. (c) Evolution with wavelength of
the separation of the SPP wavevector from the light line (left axis) compared
with the evolution of kx (right axis) for a AuCoAu trilayer (in particular,
the case for h = 15 nm is plotted). (d) Spectral dependence of the normalized
intensity of the SPP electromagnetic eld at the middle of the Co layer in a
AuCoAu trilayer with h = 15 nm.
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the interface and the presence of the Co layer is strongly felt (see Figures
2.3 and 2.4). Our results show that this eect has a bigger inuence on
kx than the increase of Q
Co with wavelength.
In fact, we can rewrite Equation 2.19 so that the amount of SPP
eld inside the Co layer appears explicitly. For that, we refer to the
SPP magnetic eld component intensity, jEzj2, at the Co layer posi-
tion. This magnitude is normalized so that for each wavelength the
integral of jEzj2 along the z-axis is equal to 1 (the energy density is the
same in all cases). Taking into account that for a Au/dielectric semi-








1=2e kAuz z, with kAuz and kdz the z components of
the SPP wavevector in the metal and dielectric, respectively, and using
some arithmetics, we obtain the following expression:
kx  tCo  k0dAu
p (d + Au)
2d   2Au
jECoz j2  QCo: (4.2)
In Figure 4.3 (d), we plot jECoz j2 as a function of the wavelength. The
SPP eld does indeed decrease with the wavelength, as kx does, con-
rming that the amount of the SPP electromagnetic eld in the MO
layer is a main parameter to take into account in the spectral behav-
ior of kx. The SPP eld, however, does not reproduce all the details
found in the spectral evolution of krx and k
i
x. This is due to the
inuence of other optical parameters, as can be seen from Equation 4.2.
The term containing the proportionality to the SPP eld at the Co layer
interface contains some other optical factors whose particular spectral
response slightly modify the pure decay of the eld with the wavelength,
to nally dene the obtained spectral shape of kx (real and imaginary
part). Those optical factors will also be implicit in the k0x   k0 separa-
tion, so that this quantity provides a more accurate description of the
shape of the evolution of kx with the wavelength.
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Figure 4.4: (a) Wavelength dependence of the magneto-optical parameter
Q for the three ferromagnetic metals Fe, Co, and Ni, calculated from typical








(Right axis) Dependence with wavelength of the real part and the imaginary
part of calculated kx for trilayers of Au/FerromagneticMetal/Au with h = 15
nm and tFerro = 6 nm, being Fe (top panel), Co (middle panel) and Ni (bottom
panel) the ferromagnetic metal. (Left axis) Comparison of the calculated kx
with the separation of the SPP wavevector from the light line.
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corresponding ferromagnetic metal.
4.1.5 Spectral evolution of the gure of merit
As explained in Chapter 3.6, the magnetoplasmonic interferometers can
act as modulators where the modulated intensity Imp is proportional
to the product of 2kx  d (23). Therefore, higher modulations can be
obtained by increasing this distance. However, it is well known that the
propagation distance of SPPs depends on the wavelenght (see Chapter
2.1.1), so the appropriate parameter to evaluate the optimal spectral
range for the performance of magnetoplasmonic (MP) modulators is the





Lsp. Figure 4.5 shows this gure of merit for the three Au/ Ferromag-
netic Metal/ Au trilayers with Fe, Co and Ni analyzed in the previous
subsection. The best performance in absolute terms is again obtained
by Fe, being Ni the worst one, in agreement with the amount of MO
response strength as indicated by Q. In the wavelength region with
kix > k
r
x, 0 < 520 nm, the gure of merit is very small since the
propagation distance of the SPP is almost zero. In the spectral range
where SPPs start having propagation distances of a few microns and
therefore could be employed in photonic devices (SPP propagation dis-
tance Lsp > 3m at 0 > 600 nm for a Au/Co/Au trilayer with the Co
layer placed at h = 15 nm), the gure of merit increases and achieves
its maximum value at around 1 m. At these wavelengths, as it was
seen from Figure 4.2, both real and imaginary components of the mod-
ulation are relevant. Finally, for wavelengths 0 > 1m, the gure of
merit decreases a little, seeming to reach a saturation value. Taking the
values of Figure 4.5 into consideration, a magnetoplasmonic modulator
consisting of a Au/Fe/Au interferometer with a separation distance of
d = 3Lsp (achievable from our experimental experience, since we can
make Isp > Ir by controlling the relative position of the incident laser
spot and the groove) could provide intensity modulations (I=I) of
around 7:5% in the optimal spectral range (950 nm). However, com-
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for the same Au/FerromagneticMetal/Au trilayers as in Figure 4.4, with the
ferromagnetic metal being Fe, Co, and Ni.
pared with other active plasmonic systems, this is a still limited value
in order to develop practical devices, so it will be desirable to be able to
increase this value.
4.2 Enhancement of the Magnetic
Modulation
We have seen that working in the appropriate wavelength regime and
selecting the optimum material, the magnetic modulation of our inter-
ferometers can be maximized. However, the achieved values are still
slightly small for practical applications. Is there any way to increase
this modulation? We will show in this section that there is indeed an
easy way to do so, the deposition of a dielectric layer on top of the
metallic layer. We will analyze in detail the performance of the magne-
toplasmonic interferometers in the presence of this overlayer.
Let us consider again the expression for the modulation of kx in a
Au/Co/Au multilayer system, shown in Equation 2.20 and reproduced in
Equation 4.1. There it can be seen that the SPP wavevector modulation
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is proportional to the square of the permittivity of the dielectric layer
on top of the metallic multilayer. Therefore, placing dielectric layers
with higher "d constitutes a simple means of increasing kx. Covering
the metallic multilayer with an innitely thick dielectric other than air
is not experimentally feasible, but we can analyze the eect of adding
thin dielectric overlayers, which could be seen as adding an eective

















Figure 4.6: Sketch of the magnetoplasmonic interferometer consisting of a
metallic Au/Co/Au trilayer covered by a thin dielectric lm.
have covered our Au/Co/Au magnetoplasmonic micro-interferometers
by spin coating them with a 60 nm lm of polymethyl methacrylate
(PMMA) (n=1.49). Figure 4.6 shows a sketch of the system geometry.
Figure 4.7 compares kx for Au/Co/Au trilayers with dierent h
coated by a 60 nm layer of PMMA (triangles) with data without coating
(dots) at two dierent wavelengths, 633 and 785 nm. For those wave-
lenghts, as we have seen in the previous section, we can consider only
the real part of the magnetic modulation of the SPP wavevector krx.
We have compared experimental data with theoretical simulations for
the two wavelengths. The obtained results for the metallic layer covered
by 60 nm of PMMA and without coverage are also plotted in Figure 4.7,
and show an excellent agreement with the experimental values. The
SPP wavevector modulation decays exponentially with h, discussed at
the beginning of section 4.1. More interestingly, for every Co layer posi-
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tion, kx is higher for the trilayers covered by PMMA, corroborating the
theoretical prediction about the SPP modulation enhancement caused
by the dielectric layer.
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Figure 4.7: Evolution of the real part of the modulation of the SPP wavevector
with the Co layer position for a set of metallic multilayers covered with 60 nm of
PMMA and without coverage. Both the experimental data and the simulated
curves are plotted. The upper (lower) pannel corresponds to a wavelength of
785 (633) nm.
The increase of the magnetoplasmonic SPP modulation due to the





x the SPP wavevector modulation
for the system covered with a dielectric lm and k0x the modulation for
the uncovered system. From the data shown in Figure 4.7, we infer an
experimental enhancement factor of 4:5 for a 60 nm overlayer thickness
when h = 15 nm at 633 nm; and of 5 at 785 nm. This enhancement
factor will depend on the thickness of the dielectric overlayer. As an
illustration, Figure 4.8 (a) shows the calculated evolution of the mod-
ulation enhancement factor as a function of the PMMA thickness for
a trilayer with h = 15 nm and  = 633 nm. Instead of a monotonous
increase with the PMMA thickness, kdx goes through a maximum at
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Figure 4.8: (a). Calculated modulation enhancement (left axis) and SPP
propagation distance (right axis) as a function of the thickness of PMMA cover-
age for a Au/Co/Au trilayer with h = 15 nm. (b). Normalized electromagnetic
eld intensity calculated at the center of the Co layer. The dashed line marks
the thickness value used experimentally, 60 nm. (c). Normalized electromag-
netic eld intensity distribution along the vertical direction for three PMMA
thicknesses: 0, 100 and 700 nm. The dierent background colors account for
the dierent materials in the structure.
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around 110 nm, where the enhancement reaches a value of 7, and then
decreases to reach a saturation value of 5 around 650 nm. This behavior
is again related to the SPP electromagnetic eld redistribution, in this
case caused by the presence of a dielectric overlayer. The three panels
in Figure 4.8 (c) show that a thin dielectric layer causes a waveguiding
eect (134) providing the strongest connement of SPP electromagnetic
eld for tPMMA  100 nm. As a consequence, the normalized SPP
magnetic eld intensity at the position of the cobalt layer (Figure 4.8
(b)) exhibits a non-monotonous behaviour similar to that of the en-
hancement factor, supporting our explanation. These two curves are
not exactly equivalent because kx also depends on "d (Equation 2.20),
which eectively increases as the thickness of the overlayer grows.
4.2.1 Figure of merit with a PMMA overlayer. Compar-
ison to other modulation methods
The addition of a dielectric overlayer decreases the propagation distance
of SPPs, Lsp
(134). Figure 4.8 (b) shows this eect in our system, where
we observe that the reduction on Lsp is indeed quite strong. This could
prevent the application of these dielectric covered Au/Co/Au multilay-
ers in actual devices, so a compromise between the modulation enhance-
ment and the propagation distance of the SPP has to be achieved. We
analyze this compromise in terms of the gure of merit 2kx  Lsp. In
Figure 4.9 we plot this product as a function of the dielectric lm thick-
ness for metallic trilayers covered by dielectric layers of dierent refrac-
tive indexes. The decrease in Lsp is compensated by a much stronger
rise in kx resulting into the overall increase for the FOM as a func-
tion of dielectric overlayer thickness td. Moreover, this increase is higher
for materials with a higher refractive index. Taking the values of Fig-
ure 4.5 into consideration, a magnetoplasmonic modulator consisting of
a Au/Fe/Au interferometer with a separation distance of 3Lsp and cov-
ered with a dielectric with nd = 1:49 could provide intensity modulations
of around 12% in the optimal spectral range (950 nm). This value is not
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Figure 4.9: Figure of merit 2krxLsp for a Au/Co/Au trilayer with h = 15
nm and three dierent dielectrics.
far from other integrated plasmonic modulator performances reported
in the literature based on electro-optical eects such as in Refs. 68 and
67, where they show a 15% of modulation. The rst reference has the
advantage to be already implemented in SPP waveguide conguration,
while the interferometer geometry of the second (and of our case) is still
an extended one. However, the switching time response in both cases
is quite high compared to the magnetization intrinsic response times
(seconds and microseconds for the electro-optical examples compared to
femtoseconds for magnetism).
In fact, in the eld of active plasmonics, high expectations are placed
on electro-optical modulation, since there is a theoretical analysis that
predicts modulation depths of 50% allowing time responses of about
0:01 ns, with very small applied voltages (135), and compatible with in-
tegrated CMOS technology. Indeed, some kind of plasmonic transistor
has been demonstrated in Ref. 66, with modulation ratios ranging from
16% to 50% depending on the source-drain distance. Nevertheless, the
experimental switching time is 10 s, and the spectral range of applica-
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tion, very limited to 1:55 m. Other of the most extended methods to
actively modulate plasmons is by thermo-optical control. Some of the
rst congurations based on it used a Krestchmann conguration and
achieved modulation ratios of intensity of about 44%, although the sys-
tem was rather bulky (77;136). Thermo-optical control was also used in
interferometers based on long-range plasmons, being its modulation very
large, but the size of the devices was very big (lenght of the interferom-
eters of several mm) (63). Later on, those thermo-optical interferometes
were implemented with dielectric loaded guides, and modulation depths
of about a 20   30% can be achieved in already integrated devices (64);
however, the main drawback of thermo-optical control is the speed of
the modulation, which is of milliseconds or even larger. Smaller al-
though reasonable modulation ratios (< 10% or even larger) can also be
obtained by using tunable waveguides based on liquid crystals (70;137),
but again the speed is of tens of s, and they are very large devices.
An specially interesting active device is that consisting of ultrafast op-
tical control of SPP, where the modulation speed is in the femtosecond
timescale, and modulation depths of about 7:5   35% have been ex-
perimentally seen (73;138). It works in an aluminum/silica interface, but
its spectral application range is very limited, being besides the spectral
dependence of the modulated intensity too dramatic (< 10% for 765
nm and > 30% for 810 nm). Nowadays, active control of SPPs is being
studied in graphene (127;139;140), since graphene also sustains surface plas-
mons (127) and the tunability of the properties of graphene sheets makes
it a promising material. Indeed, some experiments have been done, and
extinction rates of about 6% have been obtained using a Si grating.
As it can be seen, each method has its advantages and its disadvan-
tages, and depending on the desired application, we could choose one
or another. Our magnetoplasmonic interferometer provides small mod-
ulation depths compared to other methods; however, it is one of the
fastest, it is very easy to implement (there is no need of using special
equipment), and it can be integrated. Moreover, in most of the previ-
ously mentioned examples (and in the literature), the modulation is in
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the dielectric material, which makes them suitable for circuitry appli-
cations, but inadequate for sensing, where usually the sensing layer is
precisely the dielectric. This is not the case for our structures, since
the active material is located at the metallic layer (although this is not
a required condition in magnetoplasmonics). Besides, and very impor-
tant, magnetoplasmonic eects are non-reciprocal, which means that
the magnetic eect depends on the direction of the traveling plasmon,
which could lead to applications such as isolators (79;96), very relevant in
the design of integrated devices.
4.3 Conclusions
Within this chapter we have determined both the real and the imaginary
parts of the magnetic eld induced modication of the SPP wavevec-
tor for Au/FerromagneticMetal/Au magnetoplasmonic systems. It has
been shown that the real part is the dominating component in most of
the useful spectral range, although at longer wavelengths the values of
both components approach and the imaginary part has to be taken into
account to appropriately describe the system response. The spectral
dependence of the SPP wavevector modulation has been characterized,
and it shows a decreasing behavior with wavelength. By means of an
analytical expression for kx obtained in the approximation of a very
thin ferromagnetic metal layer, we have established that this spectral
trend is due to the evolution of the SPP properties with wavelength.
These properties come from the vertical connement of the SPP eld,
which can be qualitatively described by the evolution of the separation
between the SPP wavevector and the light line.
The gure of merit combining both magnetic modulation and propa-
gation distance of the SPP is also analyzed. In terms of spectral depen-
dence, the decrease of SPP wavevector modulation is overcompensated
by the increase in Lsp for a signicant wavelength range, so that the 700
nm - 1 m interval becomes the optimal one for applications. We have
extended this analysis to other ferromagnetic metals such as Fe or Ni,
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resulting that the parameters that govern the spectral dependence are
still those related to the SPP properties. The gure of merit, on the
other hand, is larger when using Fe instead of Co, although we would
need larger magnetic elds to saturate the sample.
Moreover, and without any kind of optimization, we have demon-
strated that the deposition of a dielectric overlayer on top of noble/ fer-
romagnetic metal multilayers leads to a signicant enhancement of the
magnetic eld induced modulation of the SPP wavevector. The analysis
of the FOM shows that the modulation depth of a magneto-plasmonic
switch can be increased despite of the strong reduction of SPP propa-
gation length, which allows to reduce the size of the device. Therefore
this nding represents an essential step towards miniaturization of active
magneto-plasmonic devices.
Considering all the explained above, a magnetoplasmonic modulator
consisting of a Au/Fe/Au interferometer with a separation distance of
3Lsp and covered with a dielectric with nd = 1:49 could provide intensity
modulations of around 12% in the optimal spectral range (950 nm).
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Analysis of the Sensing
Capability of Plasmonic and
Magnetoplasmonic
Interferometers.
As it has been mentioned in Chapter 2, surface plasmon resonances
are commonly used for sensing due to their high sensitivity to changes
occurring at the interface in which they take place. Although in the
last years there have been several advancements in the use of metal-
lic nanoparticles supporting localized surface plasmons for sensing ap-
plications (50;141;142), traditionally the term Surface Plasmon Resonance
(SPR) sensors denotes those based on thin lms with propagating sur-
face plasmon polaritons. In fact, SPR sensors are one of the most pop-
ular sensing methods, commercialized by several companies, and they
are applied in many areas (7;143), being label-free biosensing one of the
most attractive ones (144). Nowadays, the main goals in the development
of SPR sensors lie within the improvement of the sensitivity and the
limit of detection (49), as well as the miniaturization (145). Within this
context, some variations of the standard SPR technique have been devel-
oped, introducing for example magnetic eld (MOSPR) (146) or photonic
waveguides (147).
Interferometry in itself has important applications, being for this
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chapter sensing and biosensing (110;148) the interesting ones. Interferom-
etry constitutes an important route for developing compact integrated
sensors, such as Mach-Zehnder congurations in silicon (149) or in poly-
mer (150). In fact, interferometry based sensors have already been com-
pared to SPR techniques, and the former ones have demonstrated higher
sensitivity in most of the situations (148), although SPR sensors are still
highly competitive taking into account the ease of use and the extended
knowledge of immobilization protocols in gold. We cited in Chapter 3 the
existence of several works on plasmonic interferometers (20;21;71). Indeed,
plasmonic interferometry for sensing has also been demonstrated, both
theoretically and experimentally, in dierent congurations (117{123). Al-
though these works show that the plasmonic interferometers oer a good
performance as sensors, a direct comparison with the traditional SPR
conguration has not been carried out yet.
On the other hand, modulation techniques are usually applied to
increase the signal-to-noise ratio in small signals and can be employed
to increase the limit of detection and the sensitivity for dierent sens-
ing systems. In particular, for SPR systems, mechanical (151), phase (152)
or magnetic eld modulations (146;153) have been implemented, demon-
strating an increase in sensitivity compared to non-modulated cong-
urations. Plasmonic interferometers, as we know, also allow the intro-
duction of modulated congurations, such as magnetooptical (23;76;81),
all-optical (71) or electrooptical (67) ones. For all the all-optical and elec-
trooptical cases, these modulations are originated at the dielectric ma-
terial, and are therefore not suitable for sensing applications since the
dielectric constitutes the sensing material or analyte. In magnetically
modulated plasmonic interferometers, on the other hand, the active ma-
terial is a ferromagnetic metal, which avoids the aforementioned prob-
lem. Moreover, the magnetic modulation of the SPP presents a quite
large dependence on the refractive index of the dielectric material (76),
as it has been shown on the last part of Chapter 4, which indicates that
MP interferometers are a promising tool for sensor development.
Following the path inspired by these results, in this chapter we pro-
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pose the use of the previously explained MP interferometers as sensing
devices, and we theoretically analyze their sensitivity compared to plas-
monic (non-magnetic) interferometers. Moreover we carry out rst a
detailed comparison of these last ones with the traditional SPR tech-
nique.
5.1 General description of sensing
layers and methodology
Within this chapter we are going to compare, as it has been said above,
three sensing techniques: the two interferometries explained in Chapter
3 (Plasmonic and MP interferometry) and SPR. In this case, all the
analysis has been carried out on a numerical basis, using the transfer
matrix formalism described in Chapter 3.5 that includes magneto-optical
eects (130;131). We will start by establishing the needed denitions and
background to compare the performance of the three sensors.
Figure 5.1 shows schematically the three compared sensing tech-
niques. Let's see briey their similarities and dierences. SPR (Figure
5.1 (a)) is based on exciting a surface plasmon in a thin metallic layer
(usually  50 nm Au layer) by means of the attenuated total internal re-
ection (ATR) conguration described in Chapter 2.1.1 and measuring
the corresponding minimum in the reectivity R. Both interferometries
(Figure 5.1 (b) and (c)), on the other hand, require a thick metallic
layer (usually  200 nm thick) and a defect such as a groove to launch
the SPP. As it is explained in Chapter 3, they are based on the exis-
tence of interferences between the SPP and the light directly transmitted
through a slit cutting the metal lm. In a plasmonic interferometer the
metallic lm is a noble metal (such as gold) and we measure directly the
intensity of these interferences Io, while for MP interferometry a thin
ferromagnetic lm (such as Co) is inserted to allow magnetic modula-
tion, and we measure the magnetically modulated interferences intensity
Imp.
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Figure 5.1: (a) Schematic representation of the traditional SPR conguration.
The thickness of the gold layer, X, ranges from 32 to 50 nm depending on the
wavelength. (b) Sketch of the plasmonic interferometer. (c) Schema of the MP
interferometer. The thickness of the Co layer, Y , depends on the wavelength,
varying from 5 to 10 nm.
5.1.1 Metal thickness optimization
As it can be seen in Figure 5.1 and has been briey explained above, the
three sensors use dierent metallic layers. To perform a fair comparison,
we have theoretically optimized the thickness of the metallic layers for
each conguration and wavelength using the same noble metal, Au, in
the three cases. The optimized parameters appear in Table 5.1. For
conventional SPR, we have chosen SF10 glass (nSF10 = 1.73) as sub-
strate and we have calculated the Au layer thickness that provides the
optimum SPP excitation, which is that providing the reectivity closer
to zero under ATR conguration at the SPP angle excitation (154). The
obtained Au thickness values range from 32 to 50 nm. In the case of
plasmonic interferometry, we need an optically opaque gold layer, so
an appropriate thickness is 200 nm Au layer(22) independently of the
wavelength. Finally for the magnetoplasmonic (MP) interferometer, we
look for the maximum gure of merit (dened in Chapter 3.6), which is
controlled by the thickness and position of the Co layer. The optimum
position of the Co layer is as close to the surface as possible, but in
an experimental implementation this could cause oxidation so we have
xed it at 10 nm, which is a reasonable value to prevent oxidation in
sensing aqueous environment. The complete metallic multilayer for the
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MP interferometers is then 10Au/Y Co/180Au, where the thickness of
the cobalt layer varies from 5 to 10 nm.









Table 5.1: Optimized thicknesses for the metallic layers of the SPR and the
MP interferometer sensors.
5.1.2 Sensing layer
Sensing can be performed in dierent environments depending on the an-
alyte. One of the most commonly used ones, mainly in biosensing, is an
aqueous solution. Although each analyte and sensing protocol requires
a specic geometry of the sensing layer, in our theoretical study we have
chosen two generic situations that reproduce two of the most common
congurations: two-dimensional (\surface") immobilization of biorecog-
nition elements (49) and absorption of the analyte in a three-dimensional
matrix (\bulk") (25;49). Figure 5.2 (a) represents the theoretically sim-
ulated \bulk" conguration that consists of a 80 nm layer of hydrated
carboxymethyl dextran, an hydrogel used for biosensing with gold in
SPR and whose refractive index in aqueous solution is 1:36 (143;155). A
sensing experiment will be then simulated as a uniform 80 nm medium
whose refractive index (n) is varied from its original refractive index
n0 = 1:36 up to 1:363 (n = 3 10 3), mimicking the changes induced
by the presence of an attached analyte. On the other hand, the \surface"
conguration, shown in Figure 5.2 (b), consists of a 2 nm self-assembled
monolayer of thiol (a standard ligand with n = 1:5) with a uniform 4
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nm overlayer whose refractive index will vary from 1:33 (water) up to














Figure 5.2: Simulated sensing congurations. (a) \Bulk" system: metallic
layer covered by a 80 nm dextran layer (represented by antigen-antibody pairs)
immersed in water solution. (b) \Surface" system: metallic layer covered by
a 2 nm thiol layer and a 4 nm analyte layer (represented by small molecules)
immersed in water solution.
5.1.3 Methodology
Finally, the three analyzed sensing techniques use dierent sensor out-
puts, which makes their comparison subtle. We will focus on the sen-
sitivity of the sensor, i.e. the dependence of the measured output, O,
with the refractive index of the dielectric medium, n. In a plasmonic









In this expression, together with the sensor output and n, it also ap-
pears the physical parameter being modied by the change in the re-
fractive index, which in a plasmonic sensor usually corresponds to the
SPP wavevector, kx. In fact, Equation 5.1 shows that the sensitivity
S can be decomposed in two terms: the variation of the actual out-
put measured in the experiment with the physical parameter; and the
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variation of this physical parameter with the refractive index. The rst
term is dependent on the measurement method, whereas the other term
depends on the used materials and geometry and the properties of the
associated SPP. In order to dierentiate the eect on the sensitivity as-
cribed to the measuring technique from those related to the properties
of the physical parameter, in our comparison we will analyze separately
the second term and the complete dependence of O regarding n for the
three sensors. Moreover, as SPP properties depend on the wavelength,
we will perform this comparison for dierent wavelengths.
5.2 SPR versus plasmonic
interferometer
5.2.1 Dependence of kx on n
We will start our analysis comparing the SPR performance with that of
the plasmonic interferometer. Both sensors are based on surface plasmon
polaritons, dened by its wavevector, kx. For an interface of two semi-
innite materials, we saw in Chapter 2.1.1 that kx is expressed as
(5):





where we have substituted "d by the refractive index of the dielectric
material, nd ("d = n
2
d). When the refractive index of the dielectric
material (our sensing layer) changes from n0 to n, the physical parame-
ter involved in both techniques is therefore the SPP wavevector, whose
modication can be expressed as:
nkx = kx(n)  kx(n0) = @kx
@n
n; (5.3)
where n = n  n0.
Equation 5.2 can only be applied to an interface composed of two
semi-innite materials, but given the evanescent nature of the SPP it
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is a good approximation for the thick metallic layer of the plasmonic
interferometer. However, for the thin layer composing the SPR sensor,
the SPP is aected by the presence of the substrate and its wavevector
is slightly dierent (no analytical expression for kx can be obtained in
this case, it has to be calculated numerically). As the wavevectors are
dierent for the thin and thick metal lm cases, the sensitivity of kx for
the two sensing systems may also dier. Moreover, both the \surface"
and \bulk" congurations have to be considered in order to investigate
possible dierences associated with the SPP spreading across the sens-
ing layer between the two systems, which would aect their sensitivity
dierently for the two situations. Besides, being the dielectric constant
of metals dispersive, kx and consequently its sensitivity also depend on
wavelength so we also need to take into account this factor.
The analysis of the sensitivity of the SPP wavevector (@kx@n =
nkx
n
for small n) for SPR and plasmonic interferometry sensors as a func-
tion of the wavelength, for both \bulk" and \surface" congurations,
is shown in Figure 5.3. It can be seen that the two techniques present
a quite close sensitivity in both \surface" and \bulk" congurations.
The \bulk" conguration is more sensitive than the \surface" one, as
expected (49), since the spreading of the SPP is much larger than the
sensed region for the \surface" system. However, the important result
here is that the sensitivity is the same for the two analyzed techniques
in each sensing system, meaning that both metallic layers are equally
appropriate for sensing bulk changes or surface ones. Regarding the
wavelength dependence, both techniques show the same behavior: the
SPP wavevector sensitivity increases for lower wavelengths (5;49). This
is related to the spreading of the SPP electromagnetic eld as a func-
tion of the wavelength, as it has been explained in Chapter 2.1.1. For
shorter wavelengths, the SPP eld is more conned to the interface and
the system is therefore more sensitive to changes taking place there.
Summarizing, the physical parameter involved in both SPR and plas-
monic interferometry, kx shows the same sensitivity in both cases. How-
ever the nal sensitivity of a sensing technique also depends on how the
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Figure 5.3: Sensitivity to the refractive index of the SPP wavevector (@kx@n )
for the SPR and the plasmonic interferometer as a function of the wavelength.
Both \bulk" (upper graph) and \surface" (lower graph) congurations are
shown.
variation of kx is translated into a variation of the measured parameter
O, as stated by Equation 5.1. In the following we will thus analyze the
sensitivity of O.
5.2.2 Sensitivity of the SPR
SPR technique, as briey explained in Section 5.1, measures the re-
ectivity R when exciting the SPP in ATR conguration. To do this,
usually a semi-circular prism is set in contact with the metal, as shown
in Figure 5.1 (a). We saw in Chapter 2.1.1 that for the surface plas-
mon to be excited, the angle of incidence of the light, , must fulll
kx = k0np sin , being np the refractive index of the prism (np = 1:73
in our simulations). When measuring the reectivity as a function of ,
a minimum appears when the SPP is excited.
In a sensing experiment, the position of this minimum changes when
n varies, because of the associated modication of the plasmon wavevec-
tor. In Figure 5.4 (a) we present a series of reectivity curves, calculated
for dierent refractive indexes of the sensing layer at a given wavelength
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0 = 633 nm. The change in the reectivity minimum with n can be
clearly seen.
A typical procedure in a SPR experiment is to monitor the reec-
tivity under varying conditions that modify n (e.g. with and without
analyte) for a xed set of wavelength and angle:
R = R(n) R(n0): (5.4)
We would like to note here that measuring the variation of the reec-
tivity (which is the method explained here) is not the only procedure
for SPR. It can also be done by measuring the shift in the angle of min-
imum reectivity, or by analyzing the reectivity as a function of the
wavelength for a given angle and measuring the wavelength shift of the
minimum of the reectivity. However, there are studies that show that
the nal sensitivity of the SPR technique is independent of the mea-
surement procedure (156), being in all cases aected by the experimental
noise in the same manner. Thus, the only dierences when compar-
ing the dierent procedures are due to the precision of the apparatus.
As we cannot take into account this in a theoretical treatment, we are
going to limit our analysis to the above described reectivity variation
procedure for SPR, without loss of generality. To obtain the maximum
sensitivity with this procedure, it is necessary to carefully choose the
angle of measurement, m: the maximum R is obtained for the angle
that maximizes the slope of the R versus  curve (see Figure 5.4 (a)).
To get an insight on the evolution of the reectivity with n, we
can approximate the resonance dip by a Lorentzian curve (6;156). This
approximation holds quite accurately when j("rm)j  "d and the metal
has low losses, i.e. "im  j"rmj. The reectivity around the SPP dip can
be written as (6):
R = 1  4ir
(k0np sin    kx)2 + (i + r)2
; (5.5)
where i is the SPP absorption damping coecient, that is, the one di-
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rectly related with the metal absorption, and r is the radiation damping
coecient, that is, the SPP losses due to re-emission of light through
the prism at the same angle as the excitation takes place. Both i and
r and are responsible of the SPP dip width. The angle of measurement


















In the case when i = r, it can be seen from Equation 5.5 that the
reectivity value at the minimum is zero, which is also the condition
for optimum SPP excitation (6) that we have employed to dene the
optimum metal thickness for SPR sensors (see Section 5.1.1). Then,







These two last equations, although they are not exact, indicate that the
sensitivity of the SPR, R=n, is related to both the sensitivity of kx
and a term related to the width of the reectivity dip.
5.2.3 Sensitivity of the plasmonic
interferometer
Although there are several geometries to implement a plasmonic inter-
ferometer, all the congurations are intrinsically equivalent. Therefore,
in our simulations, we will restrict ourselves to the geometry based on
the tilted groove-slit pair (see Figure 5.1 (b)) described in Chapter 3.
As it is explained there, in this interferometer the signal obtained is the
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Figure 5.4: (a) Reectivity as a function of the angle of incidence for dierent
refractive index ni in a standard SPR setup. (b) Intensity of the plasmonic
interferometer, normalized to the amplitude of the oscillations, as a function
of the distance d traveled by the plasmon for dierent refractive index ni. In
the calculation, both Ir (directly transmitted light contribution) and Isp (SPP
contribution) are taken to be equal. Both graphs correspond to 0 = 633 nm
and to the \bulk" conguration.
intensity oscillations along the position of the slit Io(d) (Equation 3.2):




Ir cos(kx  d+ '0) (5.9)
In Figure 5.4 (b) it is shown an example of a plasmonic interferogram,
where the intensity has been normalized to the amplitude of the os-




Ir). The contrast of this in-
terferogram is maximized when Ir and Isp have the same value at the
slit, which can be achieved by tuning the position of the incident light
regarding the slit-groove pair and the eciency of the SPP excitation
at the groove (59;157). When the refractive index, and therefore the SPP
wavevector, changes, the interferogram is shifted, as shown in the graph.
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Similarly to the SPR system, both changes in the intensity at a xed
position and shifts in the position of the minima-maxima can be em-
ployed as the sensor output O without aecting the intrinsic sensitivity
of the system. Here, we have selected the variation with the refrac-
tive index of the transmitted intensity Io at a xed slit position as the
quantity monitored for sensing:
nIo = Io(n)  Io(n0) (5.10)
Again, in order to attain the highest sensitivity, the optimum position
to measure the changes of Io is that of maximum slope of the Io versus
d curve.
If we neglect the attenuation of the SPP while propagating (that
is, if we consider the imaginary part of the plasmon wavevector to be
very small), the variation of Io due to the change of the refractive in-
dex in the sensing layer, normalized to the amplitude of the measured








  1=2 nkx d sin(kx d+ '0) (5.11)
As it can be seen in Equation 5.11, the sensitivity of the plasmonic
interferometer, S = Inormo =n, is proportional to 
nkx  d, i.e. to
the sensitivity of kx times the distance traveled by the SPP (see Figure
5.4 (b)). As this distance can be chosen when fabricating the device, in
this sensor we have an external method to increase its sensitivity . The
distance traveled by the plasmon can be expressed in terms of the SPP
propagation length, Lsp. For a plasmonic interferometer, where the Au
layer is very thick, the SPP damping is due only to metal absorption,
so that kix = i
(6) and Lsp = 1=(2i) (see Chapter 2.1.1). By expressing
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5.2.4 Comparison of the sensitivity for SPR and plas-
monic interferometry
From Figure 5.5, we can compare the sensitivity S for both SPR and
plasmonic interferometer sensors in the case of the \surface" sensing
conguration. For the plasmonic interferometer, dierent values of d
are considered. Plasmonic interferometry proves to be more sensitive
than SPR for long enough d, because its sensitivity increases linearly
with the distance traveled by the plasmon (Equations 5.11-5.12). The
plasmonic interferometer sensitivity surpasses that of the SPR sensor
for d  1:5 Lsp in all the analyzed spectral range relevant for sensing
(0  600 nm). In fact, this result can also be obtained by comparing
directly Equations 5.8 and 5.12 (3
p
3=16 < f=4, which leads to f > 1:3,
valid at long wavelengths, where the approximations of these equations
are valid). Moreover, this slit-groove distance is small enough to keep
a good contrast in the interferogram. We estimate that the maximum
reasonable value of d is that providing a minimum interferogram con-
trast of 0:4 in order to clearly resolve the oscillations. Assuming Ir = Isp
at the groove, this results in d  3 Lsp. This implies that, by choosing
the appropriate slit-groove distance, the performance of plasmonic in-
terferometers for sensing can largely beat that of the conventional SPR.
Moreover, Figure 5.5 also shows that the sensitivity increases with the
wavelength for both kinds of sensors. This behavior, opposite to the
results presented in Figure 5.3, reects the fact that the nal sensitivity
of a sensor depends not only on the sensitivity of the physical param-
eter but also on other factors associated with the measured quantity.
So, in the case of the SPR sensor, the width of the reectivity reso-
nance dip also inuences S (see Equations 5.7-5.8). Since this width
decreases strongly with the wavelength, the sensitivity of a SPR system
increases at higher wavelengths even though the sensitivity of the phys-
ical parameter kx decreases. Regarding plasmonic interferometry, the
SPP propagation length Lsp grows rapidly with the wavelength, and be-
ing S proportional to the distance traveled by the plasmon (Equations
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Figure 5.5: Sensitivity of the SPR (S = R=n) and the plasmonic inter-
ferometer (S = nInorm0 =n) sensors as a function of the wavelength. The
calculations have been performed in the \surface" sensing conguration, tak-
ing the optimum Au thickness for each wavelength and kind of sensor (200 nm
for the plasmonic interferometer and the values collected in Table 5.1 for the
SPR). For the plasmonic interferometer, the sensitivity for various slit-groove
distances, expressed in terms of f = d=Lsp, is shown.
5.11-5.12), this counteracts the tendency of kx.
5.3 Plasmonic versus magnetoplasmonic inter-
ferometry
5.3.1 Evolution of mkx with n
The MP interferometer, described in Chapter 3 and sketched again
in Figure 5.1 (c), is based on magnetically modulating the plasmon
wavevector (23;76;81). As explained in detail in Chapters 2 and 3, when a
magnetic eld is applied to the MP interferometer in the direction par-
allel to the surface and perpendicular to the SPP propagation direction,
the SPP wavevector is modied as follows (23):
kx(n;M) = kx(n; 0) + 
mkx(n;M) (5.13)
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where kx(n;M) and kx(n; 0) denote the SPP wavevectors in the presence
or absence of sample magnetization, respectively, when the dielectric on
top of the metal has a refractive index of value n and mkx(n;M) rep-
resents the magnetic eld induced modication of this SPP wavevectorI.
We have seen in previous chapters that the absolute value of mkx is
four orders of magnitude smaller than that of kx
(23;76;81), but it can be
easily measured when using a plasmonic interferometric conguration
and inverting synchronously an external magnetic eld strong enough
to magnetically saturate the Co layer.
When the refractive index changes, both kx and 
mkx are modied
and therefore the two physical parameters should be taken into account
when analyzing the performance of the MP interferometer as a sensor.















Analogously to nkx, the variation of 
mkx when the refractive index




n  mkx(n;M) mkx(n0;M): (5.15)
Figure 5.6 shows the evolution of the relative changes of nkx and
n(mkx) with the wavelength for the plasmonic and the MP inter-
ferometers (note that here we need to compare the relative changes of
both quantities, and not their absolute values, as these ones dier in
several orders of magnitude as mentioned above). The comparison of
both quantities oers an interesting result: n(mkx)=
mkx is one or-
der of magnitude bigger than nkx=kx. This is due to the fact that the
magnetic eld induced modulation of the SPP wavevector has a strong
dependence on the fourth power of the refractive index of the dielec-
IIn this chapter we are going to refer to the magnetical modulation of the SPP
wavevector as mkx, since we want to clearly distinguish the variations induced by
the change in the refractive index (denoted with superindex n) from those induced
by the magnetic eld (denoted with superindex m).
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tric (76;81), as it has been shown in Chapter 4. As a consequence, it
can be expected that a sensing technique relying on the measurement
of the variations of mkx exceeds in sensitivity to another one based on
variations of kx.
From Figure 5.6 it can also be seen that, for both \surface" and
\bulk" sensing congurations, the relative sensitivity of the magnetic
parameter surpass in one order of magnitude that of the purely plas-
monic one. Regarding the spectral behaviour, except for the smallest
wavelength value shown, n(mkx)=
mkx decreases with the wave-
length but in a slower manner than nkx, and indeed for the \bulk"
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Figure 5.6: Sensitivity as a function of the wavelength of the normalized SPP
wavevector, nkx=kx, for a plasmonic interferometer and of the normalized
SPP wavevector magnetic modulation, n(mkx)=
mkx, for a MP one. For
each kind of interferometer and wavelength, the optimum metal thickness has
been taken. Both \bulk" (upper graph) and \surface" (lower graph) congu-
rations are shown.
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5.3.2 Sensitivity of the magnetoplasmonic
interferometer
From the previous analysis of n(mkx), the magnetoplasmonic inter-
ferometer seems a promising candidate to develop a sensor. However,
care has to be taken in selecting the appropriate measured quantity.
As it has been exposed in Chapter 3, a magnetic eld applied to the
magnetoplasmonic (MP) interferometer modies the SPP wavevector,
which induces a shift in the transmitted intensity interferogram. This
modulation of the intensity, that we have denoted as magnetoplasmonic








mp + '0); (5.16)
if we neglect again the imaginary part of kx, and considering 
mkx d
mp 
1 (23;76;81). We would like to notice here that, for the optimization of the
MP interferometer described in Section 5.1.1, the quantity we have max-
imized is Imp. As this quantity is proportional to 
mkx  dmp, we have
indeed maximized our gure of merit, the product mkx  Lmpsp II (as
Lmpsp limits the maximum value of dmp that can be used).
One option to use the MP interferometer as a sensor would be the
monitorization of Imp at a xed slit point when the refractive index
changes. The variation of this intensity, normalized to its initial ampli-







IIIt has to be noticed that in our theoretical analysis, the propagation distance of
the SPP in the plasmonic system (Lsp) is not the same than that of the MP system
(denoted therefore as Lmpsp ), due to the presence of the Co layer. The same is going to
happen then for the distance between the slit and the groove (d or dmp respectively).
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(nkx dmp)2 + (n(mkx)=mkx)2
 sin(kx dmp + '0 + );
(5.17)
where tan  = 
nkx dmp mkx
n(mkx)
. Equation 5.17 shows that in fact the MP
interferometer is more sensitive than an equivalent plasmonic one. Nev-
ertheless, we should analyze this statement very cautiously. As in the
case of the plasmonic interferometer for Io, the sensitivity of Imp de-
pends on the product nkx  dmp, and therefore the sensitivity can be
boosted by increasing the slit-groove distance. This distance is however
limited by the SPP propagation distance and, as we discussed above,
values of dmp longer than 3Lmpsp will result in a too reduced contrast for
comfortable measurements. If we impose this limit of dmp  3Lmpsp , the
sensitivity of the plasmonic interferometer surpasses that of the MP one
as the presence of Co in the metallic trilayer, highly absorbent, strongly
reduces the value of Lmpsp . This is shown in Figure 5.7, where the sen-
sitivity of the plasmonic interferometer, relying on the measurement of
Inormo , is compared with that of the MP interferometer based on the
monitorization of Inormmp . The sensitivity of a plasmonic interferometer
with d = Lsp is higher than that of the MP one with d
mp = Lmpsp or
even dmp = 2Lmpsp due to the smaller value of L
mp
sp in this last case (see
inset in the gure with the evolution of Lsp with the wavelength for the
two kind of interferometers). Furthermore, even for a MP interferom-
eter with dmp equal to the value of Lsp corresponding to the pure Au
layer composing the plasmonic one, which will not be realistic, the sen-
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light blue dotted line and black solid line in Figure 5.7). This is due to
the fact that the introduction of the Co layer in the MP interferometer
also reduces the value of nkx, therefore loosing the increase provided
by the extra term n(mkx)=
mkx in Equation 5.17. The alterna-
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Figure 5.7: Calculated sensitivity of the measured intensity for the plasmonic
(S = Inormo =n) and the MP (S = I
norm
mp =n) interferometers as a function
of the wavelength. The calculations have been performed in the \surface"
sensing conguration, taking the optimum metal thickness for each wavelength
and kind of interferometer (200 nm Au for the plasmonic interferometer and
10Au/Y Co/180Au, with the Y values collected in Table 5.1 for the MP one).
For the magnetoplasmonic interferometer, the sensitivity for various slit-groove
distances is shown, expressed in terms of f = dmp=Lmpsp . The light blue dotted
line corresponds to the sensitivity of the MP interferometer for a dmp value
equal to the Lsp propagation distance of the plasmonic interferometer at the
given wavelength. The inset shows the Lsp (or L
mp
sp , respectively) values at
dierent wavelengths for the plasmonic and MP interferometers.
tive of implementing the MP interferometer by monitoring the shifts in
the Imp interferogram is not useful in order to take advantage of the
higher sensitivity of mkx with respect to kx either, as the shift is only
related to nkx (see Equation 5.16). A last option that could oer the
advantage of higher sensitivity for the MP interferometer is based on the
direct monitorization of mkx. For that, both the transmitted intensity
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Sensing Physical Physical Measured
method system parameter quantity
SPR thin Au lm nkx R
Plasmonic interf. 200 nm Au layer nkx 
nIo
MP interf. 200 nm nkx and 
nImp
AuCoAu trilayer n(mkx)
Table 5.2: Parameters involved in the three dierent sensing systems analyzed
without a magnetic eld applied and the modulated intensity have to be
collected for a full oscillation, and by normalizing Imp to the amplitude
of the full oscillation of Io and dividing by the slit-groove distance, the
value of mkx is obtained
(76;81). This full process should be repeated
when the refractive index of the sensing layer changes to obtain the new
value of mkx. This option, although feasible, requires more signal pro-
cessing and time acquisition, so it could impose some time restrictions
in the sensing experiments. However, the higher sensitivity of mkx to
the refractive index variations could compensate for this drawback.
5.4 Conclusions
To sum up, the sensitivity of three plasmonic based sensing devices have
been compared: standard SPR technique, plasmonic interferometry and
MP interferometry. Every system has been considered at its best mate-
rial implementation, and both the sensitivity of the physical parameter
on which the method is based and the actual sensor output have been
studied. Table 5.2 provides a summary with all the relevant parame-
ters for each sensor. Both SPR and plasmonic interferometry rely on
the modication of the SPP wavevector under refractive index varia-
tions. Being the physical system supporting each of them very similar,
Au lms, there are not signicant dierences regarding the sensitivity
of the SPP wavevector in both cases, neither in a \bulk" sensing con-
guration or in a \surface" one. When analyzing the measured output,
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however, it has been shown that the plasmonic interferometer can sur-
pass the SPR in sensitivity. This is due to the fact that the sensitivity of
the plasmonic interferometer is proportional to the slit-groove distance,
so by increasing this distance the sensitivity can be enhanced. Even
though the slit-groove distance is enlarged to improve the plasmonic
interferometer sensitivity, it is still kept on the order of a few tens of
microns, which allows its integration in a chip for the development of
miniaturized sensors. Regarding the MP interferometer, two physical
parameters are involved in a sensing experiment: the modication of
the SPP wavevector and the variation of the magnetic eld driven SPP
wavevector modulation. This last quantity has a stronger dependence
with the refractive index than kx, so a sensor based on it would provide
a higher performance. However, in order to take advantage of this, the
monitored output quantity in a MP interferometer has to be directly the






In previous chapters (3 and 4), the magnetic modulation of SPPs
has been analyzed in the far eld using magnetoplasmonic interferome-
ters (23;76;81). Nevertheless, given that SPPs involve evanescent elds, it
will be quite interesting studying them (and the eect of the magnetic
eld) in the near eld (NF). We propose in this chapter dierent cong-
urations to evaluate the magnetic eld induced modulation in the near
eld, paying special attention to the magnitude of the modulation for
experimental verication.
The main dierence concerning the analysis in the far eld that we
have seen before is that not only krx and k
i
x, but also kz
(158), the variation
in the vertical component of the SPP wavevector, and its magnetic mod-
ulation kz, need to be considered in the NF; and thus this magnitude
could be obtained from the measurements. First, an interferometric con-
guration with two counterpropagating plasmons, that is widely used in
near eld, will be analyzed theoretically. Then, a single SPP will be also
analyzed, since a NF technique would theoretically allow us to have ac-
cess to the modulation of other components of the SPP, not only to krx.
Finally, in order to try to have larger signals than for a single SPP, or
larger modulation ratios, a more complex interferometric plasmonic sys-
tem consisting of the interference between a SPP and radiative light is
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analyzed. The magnetic modulation of the SPP wavevector for all these
congurations in the near eld will be studied theoretically. Nevertheless
the analysis will be done regarding a possible experimental performance;
and the estimated values of modulations that could be expected will be
shown. Finally, we will show a performed experimental implementation
using a scanning near eld optical microscopy (SNOM) for one of the
interferometric conguration proposed.
6.1 Two Counterpropagating SPPs
The rst conguration that we want to discuss is the case of two counter-
propagating SPPs, which has often been considered in the near eld (27;159).
An easy way to implement this is to use two parallel slits where the SPP
excitation is carried out by illumination of the sample from below(27).
A sketch of the geometry of the system analyzed and the sample can be
seen in Figure 6.1. The sample consists of a 200 nm Au/Co/Au trilayer
with 6 nm of cobalt and an upper gold layer of 15 nm (although some-
times we will consider also a Au layer of 10 nm). By covering the two
slits with the illumination spot from the glass side, four SPPs, among
other waves, will be launched (20;160) at the Au/air interface, two at each
slit. As it can be seen at Figure 6.1, the two central SPPs, that propa-
gate in opposite directions, will interfere all over the space between the
two slits. In this section, we are going to study the eect of a trans-
verse magnetic eld (parallel to the surface sample and perpendicular to
the SPP propagation direction) into that interference. As it happened
in the far eld interferometry, the magnetic eld will modify the SPP
wavevector and therefore the intensity of the interference at each point.
To analyze the near eld eect of this modication we will begin with a
simplied analysis of the system, in order to dene the dierent quanti-
ties involved and to obtain the rst estimations of what can be expected.
Then, other relevant aspects such as the propagation losses, will be con-
sidered. We will rst assume that the z component of the SPP electro-
magnetic eld is the dominant one, neglecting the x component, which
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Figure 6.1: (Left) Conguration of the near eld interferometer setup. The
interferometer consists of two slits crossing all the metallic layer. Between the
slits, two counterpropagating SPPs launched at each one of them, SPLeft and
SPRight, will interfere. The magnetic eld will be applied parallel to the slits.
(Right) The sample consists of a 200 nm Au/Co/Au trilayer with 6 nm of
cobalt and an upper gold layer of h = 15 or 10 nm.
will be included later. Moreover, two dierent NF congurations could
be considered: the use of tapered dielectric bers as tips (159), and the
use of uorescent particles (26;27;161). In the rst case, the collected inten-
sity corresponds to the square power of the eld, while in the other case
it is the fourth power of it. The particle (tip) size has also been taken
into account by calculating the integration of the eld over its volume.
Due to the complexity of the expressions, for several systems we have
kept the analytical analysis to the case of eld intensity jEj2 and point
size tip, to get an idea of the inuence of the dierent parameters, while
the E4 case and the nite size tip have been analyzed only numerically.
6.1.1 First approximation, only one SPP electromagnetic
eld component: Ez
In this initial analysis, we are going to consider only the z component
of the SPP electromagnetic eld, Ez. Besides, we will not take into
consideration neither the imaginary part of kx nor its modulation k
i
x,
to keep it as simple as possible. The vertical component of the SPP
wavevector, kz, will be considered as purely imaginary kz = ik
i
z, and
its modulation will also be discarded. Later on we will analyze whether
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these are reasonable simplications or not in the near eld. Thus, the
Ez component of the electromagnetic eld of each plasmon propagating
between the two slits can be expressed as:




The subindex L refers to the SPP launched at the left slit propagating
towards the right, and R to the one launched at the slit of the right and
propagating towards the left. A and A0 are the SPP excitation eciency
at each slit. In principle A 6= A0 but if the two slits are identical and
the illumination is homogeneous regarding the slits, we could consider
A = A0. These two plasmons interfere between the slits (27), and the
interference intensity for the two counterpropagating surface plasmons
is given by:
I = jEz;L + Ez;Rj2 = e 2kizz[A2 +A0 2 + 2AA0 cos(2krx  x)] (6.2)
An example of this intensity pattern can be seen in Figure 6.2. Here, the
light wavelength is 0 = 980 nm; the vertical distance from the metal
surface is z = 400 nm; the distance between slits, 2d, is 15 m; h = 15
nm, and A = A0 = 0:5.
The next step consists of introducing the magnetic eld parallel to the
slits. The dependence of the SPP wavevector with the applied magnetic
eld is given by Equation 2.14: kx( ~M) = k
0
x+kx m. Keeping in mind
that the sign of the eect of the magnetic eld depends on the relative
direction between ~kx and ~M , the electromagnetic eld of each plasmon
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becomes:





For ~M  =  M  ~y :
Ez;L( M) = e kizzA  ei(krx krx)(x+d);
Ez;R( M) = e kizzA0  e i(krx+krx)(x d)
(6.3)
The interference intensity then reads as:
I(+M) = e 2k
i
zz[A2 +A0 2 + 2AA0 cos(2krx  x+ 2krx  d)]
I( M) = e 2kizz[A2 +A0 2 + 2AA0 cos(2krx  x  2krx  d)]
(6.4)
In analogy to the far eld treatment, we dene the MP intensity in the
near eld as Imp = I(+M)  I( M). Thus, considering krxd << 1, it
can be expressed as:
Imp   8AA0krx  de 2k
i
zz sin(2krx  x) (6.5)
As it can be seen from this equation, Imp is a sinusoidal pattern phase
shifted by 90 degrees regarding the plasmonic wave pattern I (see Figure
6.2). Notice that exactly in the middle of the two slits, there is no
modulation of the intensity. This is due to the fact that the system is
completely symmetric, therefore the modulation of the SPP traveling
from the left compensates with the SPP traveling from the right, since
they have covered the same distance but in opposite directions.
In the far eld experiments, the measurements involved obtaining both
Imp and I simultaneously. After that, we calculated the ratio between
both contrasts in order to nally obtain the magnetic modulation of the
SPP wavevector, krx (as in Chapter 3). The same treatment can be
applied here. If we obtain the ratio of the contrasts of Imp and I we get:
contrast(Imp)
contrast(I)
= 4krx  d (6.6)
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 Simplified Magnetoplasmonic intensity.









Figure 6.2: Plasmonic intensity and MP intensity for two counterpropagating
SPP, being d = 15 m, h = 15 nm, and 0 = 980 nm and z = 400 nm. We
have considered A = A0 = 0:5. Be aware of the dierent scales for x axis.
In fact, for  = 980 nm, a distance between slits 2d = 15 m and with
an upper Au layer of 15 nm this ratio is about 9  10 3, as it can be
seen from Figure 6.2. In analogy to the far eld case, the modulated
magnitude here is the NF intensity and in this case krx is not the only
important parameter, given that it always appears together with the
separation between slits, 2d. Therefore, again here we can consider a
gure of merit, dened as 4krxLsp, to analyze the expected modulation
in the near eld. Figure 6.3 shows this gure of merit as a function
of the wavelength for two dierent Co depths. The expected values for
the magnetoplasmonic modulation are shown in Figure 6.3. As it can be
seen in this gure, the modulation depth (4krxd) can be of about 2 3%
for 700 <  < 900 nm considering d = Lsp. It is relevant to notice that
in order to have magnetic modulation of the interference intensity, we
need to have two dierent counterpropagating SPPs. If we use an slit to
launch an SPP, and a groove acting as a mirror, there would have been
also interference between the two SPPs (the SPP traveling to the right,
and the SPP that has reected at the groove and travels to the left),
but there would not be any magnetic modulation of this intensity. The
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Figure 6.3: Figure of merit for two counterpropagating SPPs in the near
eld as a function of the wavelength for a Au/Co/Au trilayer with h = 10 and
h = 15 nm.
phase 2krxd that the SPP traveling to the left has obtained is the same
that the one obtained when it was traveling to the right (before turning
at the groove). In this case the expressions for the electromagnetic eld
would be the following (neglecting the kiz dependence):
For ~+M = +M  ~y :
Ez;L(+M) = A  ei(krx+krx)(x+d);
Ez;R(+M) = A
0  ei(krx+krx)2de i(krx krx)(x d)
For ~ M =  M  ~y :
Ez;L( M) = A  ei(krx krx)(x+d);
Ez;R( M) = A0  ei(krx krx)2de i(krx+krx)(x d);
(6.7)
that lead to the same intensity, therefore the MP intensity is zero.
6.1.2 Considering Ez and Ex
The previous analysis was a simplied calculation to easily derive the
order of magnitude of the expected near eld SPP intensity modulation
induced by the application of an external magnetic eld. Nevertheless,
the actual situation in the near eld is more complex. The next element
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that we are going to consider is that the SPP electromagnetic eld has
also an Ex component. In order to do that, we need to introduce not
only the in-plane component of the SPP wavevector, but also the vertical
component kz (see Equations 2.4). We are going to consider kz as purely
imaginary, kz = ik
i
z, which means considering the SPP as an evanescent
wave without any leakage radiation, a quite reasonable assumption, as
can be deduced from Equation 2.7. The in plane component of the
wavevector will remain as purely real (kx = kx
r). The SPP eld at the
air side (the one accessible in a SNOM experiment) for the SPP launched
at the left slit and propagating towards the right, when taking both Ex




















Resulting in a plasmonic intensity Ib:
Ib =










!235 e 2kz;diz  I;
(6.10)
where I refers to the simpler expression obtained in Equation 6.2.
To analyze the magnetic eect, we have to consider the magnetic
modulation of kiz, that can be deduced from Equation 2.7, and consid-
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ering only linear terms, is dened as:















The magnetic eld eect on the dierent components of the SPP wavevec-
tor depends on the relative direction between ~M and ~kx. The corre-




























 Imp  Imp;
(6.12)












Finally, the obtained expression is equivalent to Equation 6.5. Table




















(nm) (m 1) (m 1) (m 1) (m 1) (m 1)
540 12:55 0:60  1:53 4:92 2:55
633 10:39 0:099  0:34 3:06 3:39
690 9:42 0:049  0:19 2:41 3:91
785 8:19 0:023  0:11 1:74 4:70
980 6:50 0:009  0:06 1:05 6:18
Table 6.1: Calculated values for kx and kz and ratio between the two com-
ponents of the electromagnetic eld of the plasmon Ez=Ex for h = 15 nm.
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6.1.3 Introducing propagation losses, ki, leakage radia-
tion krz, and their modulations
Let us now consider losses, meaning to consider the imaginary part of the
SPP wavevector, kix, and its magnetic modulation. Besides, kz will be
completely complex, without any approximation, and both components
will be modulated (although krz is going to be really negligible). Taking







kx( ~M) = k
0






kz( ~M) = k
0
z kz m with kz = krz + ikiz;
(6.13)
being the expression of the electromagnetic eld of the left and right slit
as:
Ez;L = A  eikxr(x+d)eikrz ze kzize kix(x+d)
Ez;R = A
0  e ikxr(x d)eikrz ze kzizekix(x d)
(6.14)












xx + 2A0A cos (2krxx)
i
;
= 2A2  e 2kiz;dze 2kixd cosh (2kixx) + cos (2krxx) ;
for A = A0
(6.15)
A reasonable expression of the MP intensity could be obtained under
some approximations, such as taking the rst order approximation for
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Considering the values of all the parameters involved (indicated in Ta-
ble 6.2), the approximations are quite reasonable. In certain condi-



















where tan    kixxkrxd . Similarly to the far eld case (Chapter 3),
the modulation of the imaginary part of the in plane SPP wavevector
induces a phase shift in the near eld MP interferogram. As Equation














(nm)  10 4  10 4  10 4  10 4  10 4  10 4
(m 1) (m 1) (m 1) (m 1) (m 1) (m 1)
540 17:8 9:85 47:8 22:7 11:3 62
633 6:8  0:45 22:7 9:2  0:55 31:1
690 4:15  1:05 15:8 5:85  1:35 22:6
785 2:4  1:1 10:7 3:35  1:05 15:3
980 1:5  1:05 8:9 2:2  1:5 13
Table 6.2: Calculated values for the MP modulation of both kx and kz for
Au/Co/Au trilayers.
6.17 shows, the expression is the same as for the simple case (Equation
6.5) except for the corresponding exponential decay, an added oset and
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an extra phase shift (). Figure 6.4 shows the NF plasmonic and MP
intensities calculated when taking the losses into account, and when
they are discarded. As it can be seen, the oset depends on the position
between the slits, and although it is not shown, it depends also on the
wavelength. It is a straight line that increases with the position between
the slits x, so that the sinusoidal MP pattern is not centered at Imp = 0
(except at x = 0). The phase shift, on the other hand, is small and it is
more dicult to distinguish. This is shown in the panels on the right,
where we can see that a maximum of the plasmonic intensity matches
with a zero (the middle of the amplitude signal) of the MP intensity
for the simplied case, while for the complete situation it is slightly






















 Simplified case (6.1.1)










Figure 6.4: NF plasmonic and MP intensities when plasmon propagation
losses are taken into account or discarded. The panels of the right show those
intensities for a smaller range of x in order to appreciate the phase shift between
both signals when the losses are considered. Be aware of the change in the scale
for x axis
6.4, we can see that for the simplied case the contrast is about 9 10 3,
while for the analysis including losses it can be of approximately 1 10 2
122
6.1. Two Counterpropagating SPPs
for x = 15 m. This means that the eect of considering the losses
modulation is about a 10% of the total signal at big x values. Therefore,
the simplied situation of Section 6.1.1 seems appropriate regarding the
ratio between the simplicity of the obtained expressions compared with
the introduced error. Moreover, although kiz is of the order of k
r;i
x ,
being z much smaller than x (about 400 nm over several microns) in the
SNOM measurements makes the contribution of kiz negligible in this
conguration. The main dierence in the obtained results between the
calculations including losses and the simplied situation of subsection
6.1.1 is the asymmetry in the MP intensity. This is due to the asymmetry
of the magnetic eld eect on both SPPs, the right and the left ones,
transmitted to the amplitude of the signal by kix.
6.1.4 Measuring uorescence (E4)
There are SNOMs that using a ber tip measure the intensity, but we
want to consider also SNOM experiments where a uorescent particle
is placed at the SNOM tip (27). In this case the detected signal is the
4th power of the electromagnetic eld, instead of the intensity. So now
we will consider the simplest case described in Section 6.1.1, but ana-
lyzing E4z instead of E
2
z to check whether there would be any important
dierence in the plasmonic and MP intensities.







x(x d)]  2Ae kizzeikrxd cos(krxx); (6.18)
where we assume A = A0. Hence the purely plasmonic signal detected
by uorescence (S) is:
S = j ~Ej4 = 2A4e 4kizz [3 + cos(4krxx) + 4 cos(2krxx)] ; (6.19)
The MP signal is:
Smp = S(+M)  S( M) (6.20)
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which, for the simplest case that takes into account only krx, becomes:
Smp =  16A4krxde 4k
i
zz [2 sin(2krxx) + sin(4k
r
xx)] (6.21)
The dierence between this uorescence conguration (E4z ) and the case




























Figure 6.5: Dierence between considering measuring with the uorescent
particle (E4z ) or an optical ber tip (E
2
z ) for 0 = 980 nm, z = 400 nm and a
distance between slits of d = 15m, being A = 0:5.
of the graph shows a zoom of the oscillations just to appreciate the
dierence in shape between both situations. As it can be seen, the
shape of the plasmonic term is in both cases a periodic function with
the same period (sp=2). For the MP term, the uorescence signal is
also perfectly periodic, but the sinusoidal shape is slightly distorted.
The most important point is that the ratio between the MP and the
plasmonic contrasts is a little bit larger for the uorescence situation
than in the intensity case, a 30% larger, as can be deduced from Figure
6.5.
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6.1.5 Integrating the volume of the particle
In the previous subsection we have introduced the eect of the uo-
rescent particle as a non-linear eect, considering that we measure the
fourth power of the eld instead of the square. Another aspect that we
should take into account is the particle or tip size, therefore integrating
the corresponding power of the eld over all the particle volume. This is
relevant for both measuring with uorescent particles at the tip or using
ber tips.
We have therefore calculated the NF intensity (jEj2) for the sim-
plied case (Section 6.1.1), comparing the point tip situation with the
volume integration case. As it can be seen in Figure 6.6, when the inte-
gration over the tip size is done, a huge decrease of the total signal occurs
(the total signal decreases due to the size of the molecule, taken here as
0:4 m, and the contrast decreases due to the average). However, when
considering the ratio of the contrasts of the MP signal and the plasmonic
one, the result is the same with and without integration. Although it is
not shown, we have seen that if we consider the fact that we measure the
fourth power of the electromagnetic eld (jEj4) integrated all over the
particle size, the results are similar. When integrating over the volume
of the particle, the signal is dramatically reduced, which would worsen
the measurements, but the ratio of the contrasts between the MP signal
and the plasmonic one are the same that without integrating the volume
of the particle.
6.1.6 Summary
Summarizing, magnetically induced NF intensity modulations (4kx d)
of around 2-3% are expected in the case of two counterpropagating SPPs
in Au/Co/Au trilayers at 0 = 950 nm, associated with the modication
of the SPP wavevector. This modulation could in principle be detected
with a SNOM system if the signal-to-noise ratio is low enough.
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d=15 m, 0=980nm, z=400nm
Figure 6.6: Dierence in the plasmonic and MP intensity when considering a
punctual tip (left) or a nite size tip (right). The analyzed signal in this case
is the intensity (jEj2).
6.2 Single SPP. Evaluation of kz and kx
i
In the near eld, there is not any need to have interferences to be able
to see SPPs. In fact, there is not any physical eect that forbids mea-
suring the electromagnetic eld of SPP by SNOM. Therefore in this
section, another conguration is analyzed, trying to take advantage of
the modulations in the imaginary part and in the vertical component
of the wavevector, kz, with the aim of determining whether they could
be measured or not. In order to have access to kix and kz, measure-
ments with an isolated slit can be done (see Figure 6.7). We are going to
calculate directly the signal collected with the optical ber tip and the
uorescent particle. We should have in mind that in this conguration
there are not interferences, and as a consequence there will be no con-
tribution of krx. In this case, at a given point (x0, z0), the z component
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Figure 6.7: Sketch of the conguration for the proposed single SPP experi-
ment. There is only one slit to launch the SPP, and we can see only the SPP
decaying eld, without any interference.
of the SPP eld is given by:
Ez = A  eikxx0e kiz z0 ; so jEzj2 = A2e 2kixx0e 2kiz z0 ; and
jEzj4 = A4e 4kixx0e 4kiz z0
(6.22)
When we apply the magnetic eld and consider the dierence between
the signal with the magnetic eld in opposite directions divided by the
intensity with no magnetic eld applied, it yields:
jEz(+M)j2   jEz( M)j2














The most interesting aspect that this expression shows is that, in princi-
ple, the contribution of kix and k
i
z could be distinguished by making
proles along both x and z directions. The theoretical values of kix
and kiz obtained with the experimentally determined optical and MO
constants can be found in Table 6.2. For those values, the obtained
modulation ratios are around 1   4% depending on x0 and z0, so that
this conguration is promising for experimental detection. Since the
modulation is linear with both x0 and z0, if we are above the noise
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Distance from the slit, x ( m)
Figure 6.8: (a) NF Fluorescent intensity (jEj4) for a single SPP travelling
in a Au/Co/Au trilayer. (b) Magnetic modulation of the uorescent intensity
(jEspj4). (c) Ratio between the two intensities. Results are obtained for a
system with h = 15 nm and at 0 = 980 nm, and z = 400 nm. It can be seen
that there are no fringes, or any resemblance of interference, and despite the
small signal values, the ratio is very promising.
level, proles along x and z directions could provide the experimental
value of kix and k
i
z. As Figure 6.8(c) shows, the ratio between the
modulated electromagnetic eld and the plasmonic intensity increases
as we go further from the slit, but due to the evanescent nature of the
plasmon, the pure plasmonic signal (Figure 6.8 (a)) is also decaying,
thus worsening the possible measurement conditions. In fact, the value
of the initial signal (see Figure 6.8) is quite small, and because of this
small value of the intensity of the electromagnetic eld, getting a signal
from SPPs with a SNOM it is usually done through an interferometric
technique(26;27;127;162) or a spectroscopic one (163{166). This implies that
even though in this geometry we could theoretically detect modulation
magnitudes that in other congurations are not possible (kix and k
i
z),
and although the ratio is quite good, the signal-to-noise ratio could be
too low to make this SNOM experiment practicable.
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6.3 Interference of SPP with radiative light
Finally, let us discuss the conguration proposed in Ref. 26, where the
SPP is excited by lateral incidence on a slit, and introduce the eect of
an applied magnetic eld (Figure 6.9). In this case, interference between
the radiative light (incident and reected) and the surface plasmon is
observed. Regarding the SPP, the magnetic eld would modify kx, as
above. For the radiative light, on the other hand, k0 is not modied but
the reectivity coecient, r, is. This is the standard transverse Kerr
eect in magneto-optical materials (18;19;92).
Again, the idea is to apply an alternating magnetic eld and to detect
variations of intensity I at each point synchronous with the applied
magnetic eld (as we have done in the rst section of this chapter).
This variation of intensity could then be calculated following the same
procedure as in the case of parallel slits, taking the equations presented
in Ref. 26 and introducing the eect of the magnetic eld. Here it is very
important to take into account that we have two contributions: k of the
SPP, but also Kerr eect for the radiative light. This last contribution
has been explained in detail in Chapter 2.3 and A.2.2. The transverse
Kerr eect can be formulated by a reectivity coecient that depends
on the sample magnetization: r = r0 + a  m, where a is a parameter
that depends on the layer structure and m is the magnetization of the
sample, which is 1 or  1 since we are saturating the sample.
It would be relevant to nd a way to separate the contributions of
the modication of kx and the Kerr eect. One idea would be to modify
the angle of the excitation light, as the Kerr eect depends on the angle
of incidence (it decreases when the angle of incidence  decreases and
it is actually zero for inc = 0). In the case we could work at inc = 0,
normally to the slit, a simplied estimation of I (working with E2sp,
kx = k
r
x, and kz = k
i
z) can be made; the results are the same as
those obtained in the previous section (6.2).
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6.3.1 45 incidence
At not normal incidence, for example at  = 45, the Kerr eect has
to be considered. In this case, given the complex situation, we have
only considered Ez, as in Ref. 26. The analysis has been carried out
numerically, considering that we measure intensity (not uorescence),
and that all the parameters are complex. In order to be able to compare
this situation with the previous ones, the simulations are made for the
sample with 15 nm Au on top. An sketch of this geometry can be seen












Figure 6.9: Diagram of the waves that interfere in this conguration. There
are two plasmons that propagate in opposite directions and the incident and
reected waves. Interference of each SPP and the incident and reected waves
(radiative light) takes place.
ERz (x; z) = H0 sin()eik0 sin()x
h





for x > 0 and being H0 = 1 and A
R = 0:6 (26)
(6.24)
ELz (x; z) = H0 sin()eik0 sin()x
h






for x < 0 and being H0 = 1 and A
L = 0:45 (26):
(6.25)
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Where H0 is the amplitude of the incident plane wave, while A
R and
AL represent the amplitudes of the SPPs launched at both sides of the
slit.
Due to the oblique incidence, the amplitudes of the SPP launched
at both sides (AR and AL) are dierent (26), as shown in Equation 6.24,
6.25. Moreover, the main dierence between the two sides of the slit is
that, given the dierent sign of kx regarding k0, there is a noticeable
dierence in the period of the interferences (26): for x < 0 the period
is 2k0 sin +krx
, which is about =2, while for the x > 0 case is 2k0 sin  krx
which is about 3. This last period is so large that we have focused
ourselves to the x < 0 situation, since is the one most likely to succeed
in an experiment, because an interference with a smaller period is easier
to identify. When we apply the magnetic eld, both r and kx are going
to change, such as . And it is important to notice at which side of the
slit we are, since for x < 0, due to the opposing signs, the eect of the
magnetic eld will be the opposite for the incidence light and for the
SPP. Below, the eect of the magnetic eld is written for the x < 0 side:
ELz (+B) =  H0 sin()eik0 sin()x
h






ELz ( B) =  H0 sin()eik0 sin()x
h







where a is the magnetic eect on the r coecient and kx and kz
are the magnetic modulation of the x and z component of the SPP
wavevector considering that we work at saturation values. Table 6.3
shows the values of r, a, krx and k
r
x for the analyzed wavelength. The
relative change induced by the magnetic eld is almost one order of
magnitude higher for the Fresnel coecient r than for krx; however, the
dierence is not so huge to discard the second term of Equation 6.26.
An approximation to weight the dierent contributions can be obtained
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Wavelength r a krx k
r
x
( 10 4) (m 1) ( 10 4m 1)
980 nm 0:967 4:1 6:50 1:5
Table 6.3: Expected values for the Fresnel coecient r and its magnetic
modulation a, together with the values of krx and k
r
x at 0 = 980 nm and for
a Co depth of 15 nm and incidence at  = 45
by splitting the magnetic modulation of ELz in the following way:
ELz (B) = H0 sin()eik0sin()x
h






ELz r(B) = H0 sin()eik0 sin()x
h






ELz kx(B) = H0 sin()eik0 sin()x
h







where for ELz kx(B) the only parameters that depend on the magnetic
eld are kx and kz, while for the E
L
z r(B) case, only r is going to depend
on the magnetic eld B. As it can be seen in Figure 6.10, the main
contribution to the MP intensity (I) is due to the modulation of the
plasmon (except at small distances), contrary to what could be expected
from Table 6.3. Although it is not shown, for larger angles the eect
of r becomes more relevant, but it can still be neglected. The ratio
of the contrasts at x = 15 m is about IcontrastIcontrast = 5  10 3, which is
smaller than that for the two counterporpagating SPPs conguration,
although for larger distances (x = 60 m), this ratio can be of about
2%, and it increases with the distance. However, the initial plasmonic
signal decreases as we go far away from the slit, so even if the ratio could
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Figure 6.10: Intensity and MP intensity for the case of a SPP that propa-
gates along a surface in the near eld and interferes with incident and reected
radiative light traveling in the opposite direction. Three situations are con-
sidered: that only the plasmon related parameters kx and kz depend on B
(ELz kx(B)); that the three parameters r, kx and kz depend on the magnetic
eld B (ELz (B)); and nally that only the Fresnel coecient depends on the
magnetic eld B (ELz r(B)). The dierent panels show dierent x scales. These
results are for a system with h = 15 nm Au and at 0 = 980 nm and z = 400
nm.
ratio is likely to worsen strongly and we do not think that this is an
experimental conguration more adequate than the `two parallel slits'
case.
6.4 Experimental implementation
As we have previously seen, the conguration that provides the larger
magnetic eld modulated intensity, and also large intensity values and
therefore the better expected signal to noise ratio is the one where two
counterpropagating SPPs interfere. We have tried to measure the mag-
netically modulated intensity of SPPs in the near eld in collaboration
with Lionel Aigouy from the ESPCI in France. In this section we are
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going to describe the implementation of this NF modulation experiment.
Near eld optics involves elds that are spatially very conned. This
implies the need of a detection technique that can be located very close
(tens of nanometers) to the surface. The invention of the SNOM has
allowed this. Some concepts of the SNOM technique will be explained
here, in order to give a global idea of this technique and the possibilities
it can provide (167). SNOM is a local probe microscope similar to the
more common scanning tunneling microscope (STM) (168) or atomic force
microscope (AFM) (169). It is based on a tip that is placed very close
to the surface of the sample and is controlled with a piezoelectric stage
and a laser. This tip can work at a xed distance from the sample, or
following the topography of the sample. This topography, or working
distance, is used as a reference or feedback. The SNOM microscope
collects the electromagnetic eld close to the sample and in this way it
maps its spatial distribution. However, due to the interaction between
the tip and the sample, and/or due to background light, the physical
interpretation of the obtained maps is often not trivial. One of the
advantages of SNOM is that it makes it possible to detect evanescent
waves such as SPPs (127;162;163;165) or guided modes (170), or the local
distribution of quantum dots' emission (171). In SPP experiments the
working distance is smaller than 0 (z = 400 nm in
(26) for 0 = 975nm).
This implies that resolutions of about tens of nanometers are usually
achieved (172).
There are several congurations for SNOM microscopes, such as
those working in reection or transmission, in collection or illumina-
tion, or using a ber tip with an aperture or without it (apertureless).
Besides, there is also the possibility of working with a uorescent parti-
cle (161;167;173) instead of a ber; or working with a metal coated bre. In
our case, we have collaborated with a group whose SNOM microscope
uses an Erbium doped uorescent particle placed in a Tugnsten tip (161).
The conguration we propose is presented in Ref. (27), where the SNOM
works in collection mode. To access dierent wavelengths several parti-





























Figure 6.11: (Upper image). Sketch of the SNOM with the coil to apply an
in-plane magnetic eld. (Lower image). Photograph of the actual SNOM setup
used to make the experiments. It shows a transmission and collection SNOM
with a uorescent particle at the tip.
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For the erbium doped particle, the most suitable wavelength is 980 nm.
The main characteristic of using uorescent particles as a tip is that
the collected signal is that emitted by the particle, not by the sample,
and it is proportional to the fourth power of the sample electromagnetic
eld. Moreover, the particle size (about 400 nm (27) of diameter) must
be taken into account, being the complete collected signal the integral
over the volume of the particle of the fourth power of the eld.
This is basically how the used SNOM works. However, for our mea-
surements, we need to apply a magnetic eld to the sample, so a coil is
located under the sample holder. In Figure 6.11, a sketch of the used
SNOM, together with a photograph of the experimental setup, can be
seen.
With a p-polarized laser illuminating from below and at normal inci-
dence to avoid the Faraday eect, we generate four SPP, two at each slit
(Figure 6.1). The two central SPPs will interfere all over the space be-
tween the two slits, creating a sinusoidal pattern (Equation 6.2). There-
fore scanning with the SNOM this central area between the slits, we are
able to see a series of maxima and minima. When we apply a magnetic
eld parallel to the slits, the wavevector of the two SPPs is going to
change, resulting in a shift of this interference pattern and in a variation
of the intensity. This MP signal can be measured applying an alternat-
ing magnetic eld of about 20 mT, which is high enough to saturate the
sample (23), and using a lock-in amplier to detect for each x position the
change in intensity synchronous with the magnetic eld. Therefore Imp
is the component in the lock-in amplier at the frequency of the mag-
netic eld and I(M = 0) is the DC component. As it has been shown
in previous sections, the MP intensity is proportional to the product
4kd, being 2d the distance between slits, a known and selected param-
eter. Nevertheless, d cannot be any distance, since it must be related to
the propagation distance of the plasmons Lsp, as is explained in Chapter
3. Since several wavelengths could be used, interferometers with several
distances between the slits were fabricated, varying from 5 m to 30 m.
Based on Ref. 27, and given the expected values obtained in the
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previous sections, we performed a series of measurements of this MP
intensity in collaboration with Aigouy's laboratory at the LPEM-CNRS
in Paris. Unfortunately, it was not possible to draw any conclusions
due to the noise level. This was probably due to the fact that the
modulation obtained in previous sections is referred to the plasmonic
sinusoidal contrast, not to the total plasmonic intensity I (in the to-
tal plasmonic intensity the laser shape and background light inuence is
large). Currently our collaborators are working on increasing the SNOM
signal-to-noise ratio. Another fact to consider is that we need to mea-
sure dierences of about 4% in the oscillations of the interference, that
already need a lock-in technique. Since there is not enough signal with
the uncovered interferometers, a further step could be using PMMA cov-
ered interferometers. However, this has to be carefully considered since
the tip would be at a larger distance from the metal/dielectric interface,
and there will be less detected signal. Moreover, the measurements will
be more dicult as the tip can get stuck in PMMA.
6.5 Conclusions
We have analyzed three possible congurations to obtain magnetic mod-
ulation of SPP in the near eld. However, we have seen that there are
two of them specially interesting, due to their simple experimental im-
plementation, to the physics involved, and to the possibility of really
measuring the modulated intensity. One of them consist of two counter-
propagating SPPs, being the modulation depth proportional to 4kxd,
that could achieve values of about 2  3% for an interferometer with an
upper Au layer of 15 nm at 0 = 700   900 nm and d = Lsp . On
the other hand, a single SPP (without any interference) could provide
information about parameters that couldn't be obtained otherwise, such
as kix or k
i
z, which also provides reasonable modulation depths. The
rst conguration has been performed experimentally at the ESPCI in
France in collaboration with Lionel Aigouy. Experiments were done with
interferometers consisting of two paralell slits engraved on Au/Co/Au
137
6. Near Field Magnetoplasmonic Interferometry
trilayers with 10 and 15 nm of gold in the upper layer. Dierent dis-
tances between the slits were tried. However, the signals were too low






Five essential global conclusions can be extracted from this work:
 Magnetoplasmonic interferometry is a very interesting tool to ana-
lyze and to measure the magnetic modulation of the SPPs wavevec-
tor.
 The parameters that govern the modulation depth of the magne-
toplasmonic interferometers are mainly related to the properties
of the SPPs, rather than to the magnetooptical properties of the
ferromagnetic material. It is specially relevant the role of the elec-
tromagnetic eld distribution along the materials of the interface,
as well as the dispersion relation of the SPPs and how far or close
it is from the line of the light, (kx   k0).
 A magnetoplasmonic interferometer can be a device per se. It is a
reasonable choice to modulate SPPs. Applying external magnetic
elds of 20 mT we have been able to obtain modulation depths of
around 2% on non-optimized Au/Co/Au trilayers, with interfer-
ometer sizes on the micro-scale. Moreover, we could obtain mod-
ulation depths of about 12% by substituting Co by Fe, working at
around 950 nm and covering the interferometer with a dielectric
overlayer of nd = 1:49.
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 Plasmonic interferometry is interesting also for biosensing, where it
can be more sensitive than traditional SPR sensors. Magnetoplas-
monic interferometry oers a new sensing parameter, the magnetic
modulation of the SPP, which is more sensitive to refractive index
variations.
 The magnetic modulation of SPP can also be obtained from near
eld experiments. With the appropriate congurations, we could
obtain not only the modulation of the SPP wavevector kx, but
also that of its vertical component kz.
Below, a more detailed analysis of the conclusions of each part of
this thesis can be found:
The rst part deals with the spectral dependence of the magnetic
modulation of both real and imaginary parts of kx in noble/ ferromag-
netic/ noble metal trilayers, and the optimization of the system. The
spectral evolution of the modulation for both the real and the imaginary
parts of the SPP wavevector has been experimentally and theoretically
obtained. It has been shown that, although the contribution of the real
part of the SPP wavevector is dominant in most of the analyzed spec-
tral range (500  1000 nm), at longer wavelengths their values approach
each other and the imaginary part has to be taken into account to make
an appropriate analysis. Both modulations decrease whereas the wave-
length increases, and a peak at lower wavelengths is observed in the case
of kx
r. This dependence can be qualitatively described by the evolu-
tion of the separation between the SPP wavevector and the light line,
kx   k0, which is a relatively simple parameter. This parameter is, nev-
ertheless, a representation of the evolution of the SPP properties with
the wavelength, which are related to the vertical connement of the SPP
eld. Indeed, the spectral evolution of the electromagnetic eld inside
the ferromagnetic metal layer has been obtained, being its dependence
quite similar to that of kx. Regarding the inuence of the ferromag-
netic metal, all show the same general behavior, being Fe the one that
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provides the largest modulation. Nevertheless, if we consider the use
of the magnetoplasmonic interferometers as modulators, we should con-
sider not only the magnetic modulation of kx but also the propagation
distance of the SPP, Lsp, since the modulated intensity depends on both
quantities. Therefore a gure of merit combining both magnetic modu-
lation and propagation distance of the SPP is also analyzed (2jkx jLsp).
In terms of spectral dependence, the decrease of SPP wavevector modu-
lation is compensated by the increase in Lsp for a signicant wavelength
range, resulting that the 700 nm to 1 m interval becomes the optimal
one. Trying to optimize the interferometric system, and using the an-
alytical expression for kx, we have demonstrated that the deposition
of a dielectric overlayer on top of our Au/Co/Au multilayers leads to a
signicant enhancement of the magnetic eld induced modulation of the
SPP wavevector. In fact, the analysis of the gure of merit shows that
the modulation depth of a magnetoplasmonic switch can be increased
with the addition of dielectric overlayers despite of the strong reduction
in SPP propagation length, which allows to reduce the size of the device.
The second part of this thesis is devoted to evaluate the plasmonic
and magnetoplasmonic interferometers as biological sensors. They have
been compared to the widely used plasmon-based sensors, known as
SPR. Each sensor has been compared in its optimal conguration, and
we have considered their sensitivity with the refractive index n of the
sensing layer. Moreover, since each method measures dierent outputs,
the sensitivity of the basic physical parameter underlying in each tech-
nique has been also determined. It has been observed that the sensitiv-
ity of the plasmonic interferometer can be larger than that of the SPR,
mainly due to the role of the slit-groove distance in the measured in-
tensity, since they both depend on the same physical parameter (kx(n)).
On the other hand, it has also been determined that in the magnetoplas-
monic interferometer, the underlying physical parameter ( kxn ) is more
sensitive than that of the plasmonic interferometer ( kxn ). However, the
measurement procedure used for the magnetoplasmonic interferometer
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depends on both parameters, kx(n) and kx(n), and although kx(n)
is more sensitive, it is quite smaller too, resulting that its contribution
to the total sensitivity is negligible. Therefore, a measurement proce-
dure able to isolate the evolution of kx(n) has to be applied in order
to take advantage of the higher sensitivity of magnetoplasmonic inter-
ferometers. Regarding the wavelength behavior of the sensitivities, both
the SPR and the plasmonic interferometer are more sensitive with in-
creasing wavelength even though the variations of kx with the refractive
index behave in the opposite manner. This is because of the reduced
losses of the SPP at higher wavelengths, which generate narrower reec-
tion dips in SPR sensors and allow longer values of d in the plasmonic
interferometers. For the ideal MP interferometry (only dependent on
kx(n)), on the other hand, the use of smaller wavelengths would be
advantageous as kxn , decreases with the wavelength.
The last part of the manuscript shows the possibilities of magnetic
modulation in dierent near eld interferometric congurations. The
magnetic eld induced modulation of kx could be detected in the near
eld by measuring the interference of two counterpropagating plasmons
between two launching slits. The near eld intensity modulation would
be proportional to 4kxd, being 2d the distance between the two slits.
It could also be possible to have direct access to the magnetic modula-
tion of kix and even of kz by measuring the magnetic modulation of a







A.1 Fabrication of magnetoplasmonic interfer-
ometers
A.1.1 Layers deposition
The magnetoplasmonic interferometers consist of Au/Co/Au trilayers
with 6 nm of Co and a total thickness of 200 nm. The top Au layer
ranges from 5 to 45 nm from the surface (and consequently the bottom
one ranges from 189 to 149 nm). They have been grown in an ultra-
high vacuum system (10 10) using three Physical Vapor Deposition tech-
niques available at the Instituto de Microelectronica de Madrid (IMM):
magnetron sputtering, eusion or k-cell evaporation, and electron beam
(e-beam) evaporation. The layers are deposited over a glass substrate
that rotates during the deposition process to homogenize thickness. An
initial 2 nm layer of Cr or Ti is included, acting as an adhesion layer
between the gold and the glass. Over it, the thick bottom Au layer is
deposited, next we add a 6 nm Co (ferromagnetic) layer, and nally all
is covered by the thin top Au layer in order to protect the Co layer from
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oxidation and to provide the good plasmon properties to the system.
The complete process is made without taking the sample out of the sys-
tem.
In principle, in our vacuum system and for our kind of samples, the
three available physical vapor deposition techniques could be used for
each material. However, due to the quality of the grown material, the
eusion cell is used for Au, e-beam evaporation is used for Ti (when
needed), and magnetron sputtering is used for both Co and Cr.
After having the materials deposited, the interferometers are en-
graved by means of focused ion beam (FIB) lithography, also available
the facilities of the IMM.
A.1.2 FIB lithography
FIB lithography refers to milling a predesigned pattern in a material with
high resolution by means of a focused ion beam (174{176). A FIB system
basically consists of a vacuum system provided with an ion source (177),
a sample stage and a series of electromagnetic lenses. Applying a high
voltage between the ion source and an extraction electrode, we produce
an ion beam that is focused onto the sample with the electromagnetic
lenses. By digitally controlling the voltage applied by the last electro-
magnetic lenses, this well focused ion current is scanned over the sample
following a specied pattern and therefore etching the material with the
desired design. A basic diagram of a FIB system is represented in Figure
A.1. The depth of the pattern depends on the ion dose and the sputter-
ing yield of the material. The ion dose is the charge per unit area applied
to the sample, and is controlled by the applied ion current and the ex-
posure time. Regarding the sputtering yield of a material, the higher it
is, the less dose is needed to etch the same depth. Therefore, each time
a new material or combination of materials is used, a calibration pro-
cess for the dose (mC=cm2) needed to etch the desired depth has to be
done. The main advantage of using FIB lithography for the patterning
is that it is a direct lithography method, i.e. it does not need any resist.
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Figure A.1: Diagram of the central module of a focused ion beam system,
with the dierent elements mentioned in the text.
Thus dierent milling depths can be achieved in the same process, just
by specifying the suitable dose for each component of the total design.
However, since the etching is obtained by sputtering, i.e. by hitting the
sample with the source ions, this method introduces lots of defects as
well as implantation of some of the ions on the sample. This may limit
the use of FIB lithography for certain applications. Another restriction
arises from charging eects. As electrons are extracted from the sample
when the ions hit it, the addition of a conducting layer is needed to
work with isolating samples. The electrons emitted when the ion beam
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is scanned over the sample allow to image it by means of a secondary
electron detector. However, an intensive use has to be avoided, since
this imaging process takes place while the sample is being etched. To
allow simultaneous FIB etching and imaging of the sample, there also
exist dual systems with both electron and ion sources and column.
Except for the very rst interferometers that were patterned at Kon-
stantz University, all the other interferometers have been patterned at
the IMM with an Ion-Line system from Raith (Figure A.2). This is a
FIB system with a single 30 kV ion column and Ga as the ion source.
In order to select the most appropriate current to engrave the wanted
Figure A.2: Photograph of the IMM focused ion beam system.
pattern, a set of dierent apertures installed within the column is used
(beam dening aperture in Figure A.1). Those apertures range from 5
m diameter to 1 mm. For the fabrication of our interferometers, we
usually use the 20 or 30 m apertures, which provide a 8   16 pA of
current intensity, and a spot size of about 15   30 nm. This spot size
allows us to obtain slits and grooves of around 100 nm width. Once the
ion current is xed by the selected aperture, we will achieve the desired
dose by setting the exposure time. For each material or combination
of materials used, we have rst calibrated the dose needed to etch the
desired depth. Figure A.3 shows the calibration process. A series of
micron-sized squares with dierent doses are patterned on the material
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(c) AFM image of a calibra-
tion pattern
Figure A.3: Calibration process. (a) Calibration curve for a pure Au sample
with the linear t where the slope shows the etching rate, i.e. nm of depth
milled per mC=cm2, which in this case is 18 nm per cm2=mC. The last experi-
mental spot is not tted since there we are already etching the glass substrate,
which is a dierent material and therefore it presents a dierent etching rate.
(b) Calibration curve for a 15Au/6Co/179Au sample. The dierent slopes cor-
respond to the dierent materials. The linear t of the central part of the
curve, corresponding to the thick Au layer, shows the same etching rate as a
pure Au layer, as expected. The full linear equation gives in this case the total
etched thickness per mC=cm2. (c) AFM image of the calibration pattern for
the Au layer, where it can be seen several micron-sized squares with dierent
applied dose (1000mC=cm2).
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using FIB lithography. Then the depths of those squares are measured
by atomic force microscope (AFM), and the results are plotted to extract
the dose needed to mill the desired depth of that material. In particular,
a required total dose of 12 and 5:5 mC=cm2 is applied to engrave the
slit and the groove respectively in our trilayers. Although the calibra-
tion process is usually made at the microscale, those dose values can be
applied to fabricate dierent structures at the nanoscale, as Figure A.4
shows. In Figure A.4, two groups of parallel slits with dierent doses
but the same width (120 nm) in a 200 nm Au layer are shown. In order
to be able to see the slits prole those images are done with the sample
tilted 50, besides, a completely milled rectangle is shown as a reference
(in the images, the complete black area). The upper part of the image
shows the Au layer, and the lower part corresponds to a completely ex-
posed glass area. As it can be seen, for a dose of 3:5 mC=cm2, the slits
patterned in the Au layer do not cross completely the material, while
for the 12 mC=cm2 dose, the slits, of nanometric dimensions, also cut
through the metal area.
Dierent interferometer designs have been fabricated, such as tilted
slit-groove couples and parallel slits, with dierent depths and widths.
An example of those is shown in Figure A.4. There, an AFM image and
the sizes of one of the analyzed pairs of interferometers is shown. A dark
eld image of other analyzed interferometers with dierent angles and
initial distances is shown also in Figure A.4. All the defects that appear
in this last are typical of ours metallic multilayers.
A.2 Optical, magnetooptical, and magnetic char-
acterization
In order to analyze completely and in a proper way the magnetic mod-
ulation of the interferometers, we need to know the optical and magne-
tooptical (MO) constants, as well as some magnetic parameters of the
materials that we use. Although general values of the optical constants
148
A.2. Optical, MO, and magnetic characterization
1 Pm 1 Pm 












Figure A.4: (a) FIB (secondary electrons) image of parallel slits with dierent
doses, the left one is made with an applied dose of 3:5 (60 nm etched approx-
imately) while the ones of the right are fabricated with an applied dose of 12,
enough to etch all the material. (b) At the left there is a secondary electrons
image of an interferometer of 48 m length and 3 and 10 m of initial sepa-
ration between slit and groove, while on the right it is shown an AFM image
of a similar interferometer. (c) Dark Field dark eld (DF) image of dierent
interferometers. The left image shows interferometers of 58  length and 1
(up) and 2 (bottom) with 10 m of initial separation between slit and groove.
The right images show a DF image of an interferometer of 58  length and 2
and 10 (up) and 20 m (bottom) of initial separation. All these interferometers
are engraved in a 15Au/6Co/179Au sample.
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for bulk material can be seen in the literature or in well established
handbooks (56;100;132), the values for thin layers depend on the growth
conditions. So to get a better description of our system, we have de-
termined them experimentally. The optical constants have been deter-
mined by ellispsometry and the MO ones by Polar Kerr spectroscopy.
Finally, we characterize the samples magnetically by using the Trans-
verse Kerr eect, taking into account that the MO activity is (as a rst
approximation) linearly dependent with the magnetization.
A.2.1 Spectroscopic ellipsometry
As it has been said in Section 2.3, the macroscopic description of the
electromagnetic response of a material to incident light is given by the
dielectric tensor. Usually this tensor, without considering any magne-
tooptical eect, is diagonal and can be written as:0B@"xx 0 00 "yy 0
0 0 "zz
1CA ; (A.1)
where "xx, "yy, and "zz are the dielectric constants of the material along
the dierent axis. For an isotropic material, this can be simplied to:0B@" 0 00 " 0
0 0 "
1CA ; (A.2)
where " is the dielectric constant, and is generally complex. Ellipsome-
try is a well known optical technique to obtain the dielectric constants
of a material as a function of the wavelength (178). It does not require
any special sample preparation, and it is a non destructive technique. It
compares the changes on the polarization state of the light reected from
the sample with those of the incident light. The obtained results are t-
ted with a model, usually assuming a homogeneous layer of the material
on a substrate or a multilayer stack. The tting uses several parameters
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of the sample (refractive index of the dierent materials, thicknesses,
roughness, anisotropy...). Therefore, the best results are obtained if
we can provide the maximum information about our sample obtained
by independent methods, such as layers thicknesses, surface roughness,
interface roughness, etc. This method can be used to determine the
optical dielectric constants of the material, but it can also provide layer
thicknesses, roughness, and other parameters. Deeper analysis of how
ellipsometry works, and the dierent models that can be applied, can
be found at (178).
The ellipsometer used at the IMM is a M200FI J. A, Woollam Co:TM ,
where the angle of incidence can be changed from 45 to 75, and the
wavelength ranges from about 500 nm to 1:69m. With it, we have de-
termined the optical constants for the dierent layers (Autop, Aubottom
and Co) for our magnetoplasmonic trilayers. The obtained values are
shown at Figure A.5. Due to their dierent thicknesses, and the dierent
base materials and the roughness that they introduce, the constants of
the top Au layer and the bottom Au layer are not the same, although
they are quite similar (Figure A.5). We observed that all trilayers pro-
vided similar dielectric constants for our materials, so we have used the
ones obtained from the trilayer with 25 nm Au on top for all the sim-
ulations. As an example, in Chapter 4.2, we study the enhancement of
the magnetic modulation by using a dielectric with a higher refractive
index. The experimental demonstration is performed by coating PMMA
on top of our interferometers. The thickness of PMMA was assessed by
ellipsometry, tting just the PMMA thickness, providing all the other
thicknesses and optical constants (top Au, Co, and bottom Au) as xed
parameters to the tting, since they had been previously determined.
The resulting PMMA thickness was of 60 nm, which agreed with the
previously made calibration tests.
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Figure A.5: Dielectric constants for the three layers of the 25Au=6Co=169Au
trilayers used in the studied MP interferometers. Upper graph: real part of the
dielectric constants. Lower graph: imaginary part of the dielectric constants.
A.2.2 Transverse Kerr magnetic characterization
An important parameter for our MP interferometers is the magnetic eld
at which the Co layer is saturated.In order to determine it, we measured
the magnetic hysteresis loops when the magnetic eld is applied within
the sample surface plane (the relevant conguration for our magneto-
plasmonic study) by means of the transverse magnetooptical Kerr eect
(TMOKE). As it has been mentioned in Chapter 2.3, when a magnetic
eld is applied parallel to the sample plane (XY plane) but perpendicular
to the plane of incidence (XZ plane, Figure 2.8), a non diagonal dielec-
tric component will appear, in this case "xz. This produces a change in
the intensity of the p-polarized reected light, without any change of the
polarization, known as transverse MO Kerr eect. Therefore, in trans-
verse Kerr conguration, the reection coecient of p-polarized light,
rpp = r, depends on the sample magnetization:
r(B) = r0 + a m; (A.3)
where r0 is the reectivity coecient when there is no magnetic eld
(B = 0), a is a parameter which depends on the sample structure and
the material and m is the magnetization of the sample normalized to the
magnetization at saturation (m 2 [ 1; 1]). The transverse Kerr eect is
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usually represented by the relative variation of reectivity:















being the superindex + or   the sign of the magnetic eld (and therefore
the magnetization) applied. TMOKE eect depends on the optical and
magnetooptical constants of the involved materials through r0 and a.
As it also depends, and linearly, of m, it allows to obtain magnetic
hysteresis loops of the material. The hysteresis loops of our trilayers, for
a magnetic eld applied along the sample surface, have been obtained
with a TMOKE setup installed at the IMM. The magnetic eld is applied
in a given direction, increasing it by small steps up to a maximum, and
then it is decreased, then we change the sign of the applied magnetic
eld and make the same, completing the loop. With a laser and a series
of detectors and polarizers, the reectivity as a function of the magnetic
eld applied is measured. The TMOKE signal (RR ) is calculated at each
value of the magnetic eld applied (179), and the obtained loop represents
the evolution of the magnetization with the magnetic eld (see Equation
A.4).
The obtained loop characteristic of all the trilayers ( Figure A.6), is
a square one with rounded edges, which is typical from polycristalline
Co layers of this thickness (17;89). The saturation eld, which is the
magnetic eld at which the sample is magnetically saturated is quite
low, of the order of 15-20 mT. This is the most relevant parameter for
the measurements of the interferometers, since they have to be saturated.
When determining kx with the MP interferometers, it is essential
to work with the sample saturated. In this way, the magnetic eect will
be the largest one, and the results will be stable and reproducible. To
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Induced Magnetic Field (T)
Figure A.6: TMOKE signal for a 25Au/6Co/169Au magnetoplasmonic tri-
layer.























Induced Magnetic Field (T)
Interferometric 
measurements
Figure A.7: Amplitude of the MP intensity of the interferometer as a function
of the applied magnetic eld.
double cross-check the the samples were saturated during the experi-
ments, besides the determination of the magnetic hysteresis loops, we
also performed the following measurement: we measured the amplitude
of the MP intensity for a given portion of the slit of our interferometer
as we increased the applied magnetic eld. As it is shown in Figure A.7,
the value of saturation agrees with the one obtained from the hysteresis
loop (Figure A.6).
Finally, to mention that the TMOKE eect can also be directly used
to obtain the magnetic modulation of the wavector of a SPP using a
Krestchmann conguration (17). Nevertheless, we use it to obtain hys-
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teresis loops of our trilayers.
A.2.3 Magnetooptical characterization. Polar Kerr spec-
troscopy
We obtained the magnetooptical constants of our ferromagnetic ma-
terial by means of a polar Kerr spectrograph already installed in our
laboratory. As it is mentioned in Chapter 2.3, in the case of polar con-
guration the magnetization is perpendicular to the sample plane and
in the plane of incidence (Figure A.8 and 2.8). In this situation, it is
known that the magnetooptical constants that appear in the dielectric
tensor are "xy (Equation A.5). This means that, when p-polarized light
is reected through the sample under that magnetic eld, the reected
light will show a small component of s-polarized light and viceversa.
The reected light becomes then elliptically polarized, with its major
























Figure A.8: (a) Polar Faraday (transmission) and Kerr (reection) eects.
"0 represents the \non-magnetic"material and "1 the \magnetic" one. (b) De-
scription of the polarization conversion that takes place in this conguration.
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The characteristic parameters that dene this polar magnetooptical Kerr
eect (PMOKE) are then the rotation #k and the ellipticity k that
characterize the elliptically polarized reected light. These ellipticity
and rotation are proportional to the magnetization Mz
(180). For the
most simple situation, which is a semi-innite non magnetic material,
and a semi-innite ferromagnetic one, those parameters can be written
as:








where #0 and #1 are the angles of light within the medium 0 and the
medium 1 respectively. n0 and n1 are the refractive indexes of the \non-
magnetic" and \ferromagnetic" materials. The approximation is valid
when the incident medium is vacuum and at normal incidence. As it can
be seen, from this equation, by measuring the rotation and the ellipticity
and knowing the optical constants of the material, the magneto-optical
constants can be determined. The PMOKE Spectrograph at the IMM
allows to determine the rotation and the ellipticity as a function of the
wavelengtht and the applied magnetic eld by using a set of polarizers
and analyzers and a photoelastic modulator (179;181). During the mea-
surements, it is very important that we work in saturation conditions,
that are dierent than those of the transverse conguration (we have
made this measurements applying 1:6 T, although saturation is achieved
at about 1T (89)). Having previously obtained the optical constants of
our layers, we can then calculate the magnetooptical constants of the
magnetic material (Co in our case). In Figure A.9, the experimentally
determined values of the MO constants for our Co layers are shown and
compared to some values found in the literature (101).
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Figure A.9: Experimental and Krinchik (101) magnetooptical constants of Co.
The imaginary part values are very similar, while our experimental real part is
larger than that from the literature.
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Lsp propagation distance of the surface plasmon polariton.
Q parameter that relates the magnetooptical constants with the optical




mkx variation (modulation) of the SPP wavevector due to a transverse
magnetic eld applied.
n(mkx) variation of the modulation of the SPP wavevector due to
changes of the refractive index of the dielectric material.
nkx variation of the SPP wavevector due to changes of the refractive
index of the dielectric material.
kx magnetic modulation of the SPP wavevector.
kix imaginary part of the magnetic modulation of the SPP wavevector.
krx real part of the magnetic modulation of the SPP wavevector.
 penetration (vertical) distance of the surface plasmon.
" dielectric or optical constant.
"ii dielectric or optical constant.
"ij ij component of the dielectric tensor, i. e. magnetooptical constant.
k0 wavevector of the light in vacuum.
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kx in plane component of the SPP wavevector.
kix imaginary part of the in plane component of the SPP wavevector.
krx real part of the in plane component of the SPP wavevector.
kz vertical component of the SPP wavevector.
kiz imaginary part of the vertical component of the SPP wavevector.
krz real part of the vertical component of the SPP wavevector.
n refractive index.
AC alternating signal.
AFM atomic force microscope.




FIB focused ion beam.
FOM gure of merit.
IMI insulator/metal/insulator; structure consisting of a thin metal layer
between two dielectrics.
IMM Instituto de Microelectronica de Madrid.
LSP localized surface plasmon.
MIM metal/insulator/metal; structure consisting of a thin dielectric
layer between two metals.
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PGW plasmonic gap waveguide.
PMMA polymethyl methacrylate.
PMOKE polar magnetooptical Kerr eect.
RLC electrical circuit consisting of a resistor, an inductor, and a ca-
pacitor..
SERS surface-enhanced raman scattering.
SNOM scanning near eld optical microscopy.
SP surface plasmon.
SPP surface plasmon polariton.
SPR surface plasmon resonance.
STM scanning tunneling microscope.
TM transverse magnetic.
TMOKE transverse magnetooptical Kerr eect.
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La fotonica estudia la generacion, el control, y la deteccion de la luz,
as como la interaccion luz-materia. Tiene aplicacion en una gran canti-
dad de areas, tales como en telecomunicaciones y en informatica, donde
aporta dispositivos rapidos aunque con poca capacidad para almace-
nar datos por ahora; en medicina (tratamientos por laser), en sensores
(existen sensores opticos para la deteccion de terremotos), o incluso
en algo tan cotidiano como los lectores de codigos de barras presentes
en cualquier supermercado. Todo esto hace que sea un tema de gran
proyeccion economica y muy activo en investigacion.
Dentro de la fotonica, la plasmonica estudia los plasmones de su-
percie (SPs), que son oscilaciones de electrones libres inducidas por
radiacion electromagnetica en la intercara entre un medio con una con-
stante dielectrica real negativa (p. ej. un metal) y otro con una constante
dielectrica real positiva (p. ej. un dielectrico)(5;6). Los SPs se carac-
terizan por la aparicion de un aumento del campo electromagnetico en
la intercara y de una resonancia en la reectividad. Debido a su con-
namiento en la intercara y a su especial relacion de dispersion, son
altamente sensibles a cualquier cambio que tenga lugar en los materi-
ales que forman la intercara, lo que constituye la base de diversos tipos
de dispositivos, como los sensores de resonancia de plasmon (SPR) (7).
El aumento del campo electromagnetico es el responsable de una de
sus aplicaciones mas conocidas: el SERS o Surface Enhanced Raman
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Spectroscopy(8). Ademas, nanoestructurando apropiadamente la super-
cie o usando nanopartculas (9;10), los plasmones pueden estar con-
nados en espacios menores que la longitud de onda, lo que da lugar
a aplicaciones tales como las pinzas opticas (11) o el desarrollo de cir-
cuitos plasmonicos (12). En este ultimo aspecto, los SPs propagantes
constituyen un elemento clave para mejorar los circuitos electronicos y
los dispositivos opticos, pues los componentes plasmonicos seran mas
rapidos y mas peque~nos que los tradicionales electronicos. Ya se han
demostrado gran variedad de dispositivos plasmonicos pasivos como por
ejemplo diferentes tipos de guas de onda. Sin embargo, a la hora de
formar parte de un circuito, no solo se necesita llevar la informacion,
sino tambien procesarla. Aqu es donde entra la plasmonica activa,
cuya principal aplicacion es el desarrollo de dispositivos activos tales
como moduladores, o interruptores (12{14). Esto implica ser capaz de
modicar mediante un agente externo (temperatura, voltaje,...) el com-
portamiento del plasmon, sus propiedades. Una de las principales ven-
tajas de aplicar campo magnetico frente a otras opciones es la veloci-
dad intrnseca de este mecanismo de modulacion, que es del orden de
los femtosegundos. As, esta tesis explora una parte de la magneto-
plasmonica, que es la combinacion la plasmonica con el magnetismo. La
manetoplasmonica puede usarse para aumentar las propiedades mag-
netoopticas de un material mediante la excitacion de un plasmon (15{18);
pero tambien sirve para modicar las propiedades de un plasmon apli-
cando el campo magnetico(19;23), lo que se considera plasmonica ac-
tiva. No obstante, para poder modicar los plasmones con un campo
magnetico hay que elegir con cuidado los materiales que se van a usar (18);
no debemos perder las propiedades plasmonicas (el plasmon tiene que
propagarse una distancia relativamente larga, i. e. varias micras, y es-
tar connado), pero a la vez debemos tener unas buenas propiedades
magneticas (unas constantes magnetoopticas razonables). Es por ello
que en esta tesis hemos trabajado con tricapas Au/Co/Au. El Au
aporta buena resonancia plasmonica, mientras que el Co, un metal
ferromagnetico, tiene unas constantes magnetoopticas bastante elevadas,
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ademas de que con campos magneticos no demasiado altos conseguimos
saturar la respuesta magnetica.
En el caso de esta tesis, el efecto del campo magnetico que vamos a
analizar es la modicacion del vector de onda del plasmon propagante
de supercie, que denotaremos por las iniciales SPP (del ingles Surface
Plasmon Polariton). Llamaremos a esta modicacion k. Otra de las
ventajas que presenta este modulacion mediante campo magnetico es la
no reciprocidad del efecto, es decir, que el campo magnetico no actua
igual para un plasmon que propaga en una direccion, que para el que
viaja en la direccion contraria, lo que es muy util para dise~nar aisladores.
Una vez decidido el material que usaremos, necesitamos elegir un dis-
positivo sobre el cual podamos modular el plasmon. En la plasmonica
es comun el uso de interferometros (20{22). De hecho, la idea de un in-
terferometro magnetoplasmonico se demostro recientemente (23), y esta
tesis es la continuacion natural de esa demostracion inicial. Todo el
estudio experimental de la modulacion magnetica se ha llevado a cabo
a traves del analisis de interferometros magnetoplasmonicos (MP), que
pueden servir o bien como herramienta para medir k o bien como un
dispositivo en s mismo, en el que se modula la intensidad transmitida
(I). Analizaremos los interferometros magnetoplasmonicos en profun-
didad para entender toda la fsica del proceso; y trataremos de optimizar
el sistema para su uso como moduladores plasmonicos.
Por otro lado, dado que una de las principales aplicaciones de la
plasmonica es su uso como sensores, y que ademas la interferometra en
general es reconocida por la precision que aporta a una medida, estu-
diaremos las posibilidades del interferometro magnetoplasmonico como
sensor biologico. Se sabe que el uso de un campo magnetico en un sensor
SPR adecuado mejora su sensibilidad (24;25), por lo que la comparacion
de los sensores SPR con nuestro interferometro magnetoplasmonico re-
sultaba evidente. Finalmente, debido a la naturaleza evanescente de
los plasmones, a menudo estos se estudian en el campo cercano (26;27),
en esta tesis tambien se ha analizado el efecto del campo magnetico en
campo cercano en distintas conguraciones apropiadas.
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Los objetivos principales de esta tesis son:
 Comprender el efecto de un campo magnetico en plasmones pro-
pagantes de supercie, usando la structura metalica Au/ Co/Au.
 Implementar este efecto en un dispositivo activo, en particular en
un interferometro plasmonico que actua como un modulador.
 Estudiar la dependencia de la modulacion magnetica de los plas-
mones con los distintos parametros implicados en el interferometro,
como por ejemplo la estructura de la tricapa o las constantes mag-
netoopticas, as como la dependencia espectral y las posibilidades
de aumentar dicha modulacion magnetica.
 Explorar la capacidad sensora de estos interferometros modulados
con un campo magnetico y compararlos con los conocidos sensores
de resonancia de plasmon, llamados SPR.
 Extender y analizar el concepto de la modulacion magnetica de
los SPPs en el campo cercano, usando distintas conguraciones
interferometricas.
Resultados
En la primera parte de la tesis se ha obtenido y analizado mediante el
uso de interferometros magnetoplasmonicos, la dependencia espectral de
la modulacion magnetica del vector de onda del plasmon (kx) en tricapas
Au/Co/Au y se ha tratado de optimizar el sistema. La evolucion espec-
tral de las componentes real e imaginaria de la modulacion magnetica
de kx han sido obtenidas tanto teorica como experimentalmente, siendo
esta la primera vez que se mide experimentalmente la parte imaginaria a
distintas longitudes de onda. Hemos observado que aunque la parte real
kx
r es mayor que la imaginaria en la mayor parte del espectro anal-
izado (500   1000 nm), para longitudes de onda altas  > 800 ambas
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empiezan a parecerse, y la parte imaginaria debe tenerse en cuenta para
hacer un estudio preciso. En cuanto al comportamiento espectral, am-
bas modulaciones decrecen cuando la longitud de onda aumenta; y kx
r
muestra ademas un pico a bajas longitudes de onda. Para entender este
comportamiento hemos utilizado una expresion analtica aproximada de
kx para el caso de un metal con una capa na de metal ferromagnetico
en su interior. Usando esta expresion, hemos sido capaces de determinar
un parametro muy sencillo de obtener y que describe cualitativamente
esta evolucion de kx
r con la longitud de onda: la separacion de kx
respecto a la lnea de la luz. Este parametro, no deja de ser una repre-
sentacion de la evolucion de las propiedades del plasmon con la longitud
de onda que esta directamente relacionado con la distribucion vertical
del campo electromagnetico del SPP. De hecho, la evolucion espectral
del campo electromagnetico del plasmon en medio de la capa de Co ha
sido calculada, siendo muy parecida a la de kx
r. Este comportamiento
espectral ha sido calculado tambien para otros metales ferromagneticos
como Fe y Ni (en vez de Co), y se ha visto que se comportan de forma
similar, aunque el hierro es el que mas modulacion magnetica presenta.
Si estudiamos ahora el comportamiento de los interferometros mag-
netoplasmonicos como moduladores, hay que tener en cuenta no solo
la modulacion magnetica de kx, sino tambin el comportamiento de la
distancia de propagacion del plasmon Lsp, puesto que medimos la mod-
ulacion de la intensidad transmitida en el interferometro. Por eso,
hemos analizado una gura de merito que combina ambos parametros,
2jkx j  Lsp. En cuanto a su comportamiento espectral, el decaimiento
de la modulacion magnetica de kx con la longitud de onda se ve compen-
sado por el aumento de Lsp, de modo que el intervalo espectral optimo
para el uso de los interferometros como moduladores actuados medi-
ante un campo magnetico es entre 700 nm y 1 m. Ademas, usando
de nuevo la expresion analtica para kx, se puede ver que otra forma
de optimizar nuestro sistema es a~nadiendo una capa de dieletrico en la
tricapa Au/Co/Au, puesto que da lugar a un aumento en la modulacion
magnetica de kx. Experimentalmente, y sin optimizar otros parametros,
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hemos visto que con una capa de 60 nm de PMMA encima, kx au-
menta en un factor 4:5 para una tricapa con 5   15 nm de Au en la
capa superior a una longitud de onda de 633 nm. De hecho, analizando
la gura de merito, hemos visto que la modulacion magnetica de la in-
tensidad del interferometro aumenta a pesar de la disminucion de la
distancia de propagacion, lo que permitira una reduccion en el tama~no
del dispositivo.
Para concluir esta primera parte, hemos visto que los valores y la
dependencia espectral de kx estan ntimamente relacionados con las
propiedades de los plasmones y la distribucion de su campo electro-
magnetico Ez, que pueden ser representados por la separacion entre la
relacion de dispersion del plasmon y la lnea de la luz, kx   k0. Para
optimizar la aplicacion del interferometro magnetoplasmonico como dis-
positivo, uno debera trabajar, si es posible, en el intervalo de longitudes
de onda entre 700 nm y 1 m, usar Fe en vez de Co (aunque hara falta
un mayor campo magnetico para saturar la muestra, ademas de ser el Fe
mas inestable qumicamente que el Co), y a~nadir al interferometro una
capa de 100 nm de un dielectrico con ndice de refraccion n = 1:49. As,
podran obtenerse modulaciones de intensidad entorno al 12%, que es un
valor razonable comparado con otras tecnicas de modulacion plasmonica.
La segunda parte de esta tesis consiste en evaluar la aplicabilidad
como sensores biologicos de los interferometros plasmonico (sin aplicar
ningun campo magnetico) y magnetoplasmonico. Han sido compara-
dos con la conguracion sensora basada en plasmonica mas extendida,
el SPR. Cada tipo de sensor ha sido comparado en su conguracion
optima, siendo por tanto diferente el grosor de la capa metalica (Au)
para cada sistema. Se ha comparado la sensibilidad respecto al ndice
de refraccion (n) de la capa sensora. Puesto que cada conguracion
mide una magnitud diferente, tambien se ha estudiado la sensibilidad del
parametro fundamental del que dependen. Se ha visto que, pese a que la
sensibilidad del SPR y el interferometro plasmonico depende del mismo
parametro fsico ( kx(n)), el interferometro presenta mejor sensibilidad
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debido al papel que juega la distancia de propagacion del plasmon en
la modulacion de la intensidad transmitida. Por otro lado, la sensibil-
idad del parametro fsico del magnetoplasmonico (mkx(n)) es mucho
mejor que la del parametro fsico del plasmonico (kx(n)), sin embargo,
en el procedimiento de medida del interferometro magnetoplasmonico,
la intensidad medida depende de ambos parametros kx(n) y 
mkx(n), y
aunque mkx es mucho mas sensible, tambien es mucho mas peque~no (en
valor absoluto), por lo que casi no inuye en la sensibilidad total. Final-
mente esto da lugar a que los dos interferometros (plasmonico y magne-
toplasmonico) presenten una sensibilidad muy parecida. Si pudiesemos
medir solo la parte que depende de mkx(n), la sensibilidad del inter-
ferometro mejorara notablemente. En cuanto a la dependencia espec-
tral de la sensibilidad, esta aumenta con la longitud de onda para el
sistema SPR y el interferometro plasmonico, pese a que la sensibilidad
de kx(n) se comporta al reves. Esto es debido a la reduccion en las
perdidas del plasmon para longitudes de onda largas, lo que genera res-
onancias mas estrechas en sensores SPR y permite mayores distancias d
entre la rendija y el canal en el interferometro. Para un interferometro
magnetoplasmonico ideal (que solo dependa de mkx), trabajar a bajas
longitudes de onda sera ventajoso, puesto que la sensibilidad de mkx
decae con la longitud de onda.
La ultima parte de este manuscrito muestra las posibilidades de mod-
ular magneticamente diferentes conguraciones interferometricas en el
campo cercano. Se han estudiado varias conguraciones y se ha visto
que es posible detectar en el campo cercano la modulacion del vector de
onda del plasmon midiendo la interferencia directa de dos plasmones que
viajen en sentidos opuestos entre dos rendijas (que serviran para excitar
los plasmones). La modulacion de la intensidad en ese caso sera pro-
porcional a 4kx d, siendo 2d la distancia entre las rendijas. Tambien
es posible tener acceso a la modulacion magnetica de kix e incluso de
kz, midiendo el plasmon que decae en el lateral de una rendija. No
obstante, los intentos experimentales que hemos realizado han sido in-
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fructuosos, pues los valores obtenidos estan por debajo del nivel de ruido
experimental.
Conclusiones globales
De este trabajo, se pueden sacar cinco conclusiones globales :
 El interferometro magnetoplasmonico es una herramienta muy in-
teresante tanto para medir como para analizar la modulacion magnetica
del vector de onda del plasmon.
 Los parametros que gobiernan esta modulacion magnetica estan
relacionados principalmente con las propiedadesl del plasmon, mas
que con las propiedades magnetoopticas del material ferromagnetico.
Es especialmente fundamental el papel de la distribucion del campo
electromagnetico del plasmon a lo largo de los materiales que for-
man la intercara, estrechamente relacionado con su relacion de
dispersion y la separacion de esta respecto a la lnea de la luz.
 El interferometro magnetoplasmonico puede ser, ademas, un dis-
positivo en s mismo. Es una opcion viable a la hora de modu-
lar de forma activa el plasmon. Hemos visto que aplicando cam-
pos magneticos moderados (20 mT) obtenemos valores de modu-
laciones de intensidad del en torno al 2% en tricapas Au/Co/Au
sin optimizar, en interferometros del orden de decenas de micras.
Ademas, podramos obtener modulaciones de intesidad del 12%
cambiando Fe por Co, trabajando a unos 950 nm y cubriendo
el interferometro con un dielectrico con un ndice de refraccion
n = 1:49.
 El interferometro plasmonico es muy interesante tambien como
biosensor, y puede ser mas sensible que los tradicionales sensores
de SPR. El interferometro magnetoplasmonico, ademas, presenta
la oportunidad de utilizar la modulacion magnetica del plasmon
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como nuevo parametro sensor, siendo esta mas sensible a cambios
en el ndice de refraccion.
 La modulacion magnetica del plasmon tambien puede ser anal-
izada en el campo cercano, debido a su caracter evanescente. Eligiendo
diferentes conguraciones, podramos tener acceso no solo a la
modulacion del vector de onda del plasmon kx, sino tambien a






Aim of this thesis
Optics, or Photonics, studies the generation, control and detection of
light, as well as light-matter interactions. It is a topic with plenty of ap-
plications in many dierent areas, from telecommunications and comput-
ing (signal transport and fast processing), to medicine (laser treatment),
sensing (there are optic earthquake sensors), or even the commonly used
bar code reading present in every supermarket. Therefore, it is consid-
ered as an important research area in relevant funding programs all over
the world.
Within photonics, plasmonics focuses in analyzing SPs, which are
decaying electromagnetic waves conned in a metal- dielectric interface.
SPs possess interesting properties that make them suitable for many
possible applications. Due to their evanescent nature and their sensi-
tivity to the materials of then interface, they can be used in sensing,
being the most used and analyzed plasmon-based sensors those denoted
SPR sensors, which have been proved to be quite sensitive. SPs are also
known to provide a strong enhancement of the electromagnetic eld at
the interface, which has led to the development of surface-enhanced ra-
man scattering (SERS). Moreover, they can be strongly conned, even
beyond the diraction limit, which can be achieved by nanostructur-
ing the interface surface or using nanoscaled particles. This leads to
the development of plasmonic circuitry, which is a key candidate as an
alternative to electronic circuitry and traditional optical telecommuni-
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cation devices, since it is faster than the rst one and less bulky than the
second. Nowadays, many passive plasmonic devices have been demon-
strated, such as waveguides of dierent lengths and shapes. However,
for circuitry transporting information is not enough, we need to be able
to process it. For this reason, one of the targets for plasmonic circuitry
is to develop \active" components such as modulators or switches (12{14).
Active implies being able to control their response by means of an exter-
nal agent such as voltage, temperature: : : Actually, the main objective
of this thesis is to study the eect of an external magnetic eld on propa-
gating SPs, also called surface plasmon polaritons (SPPs), for developing
active devices.
This thesis is a result of further exploring the potential of \mag-
netoplasmonics", which combines plasmons with magnetism. Magne-
toplasmonics can be used to increase the magnetooptical response of
a material due to the local electromagnetic eld enhancement associ-
ated with the excitation of a plasmon resonance. But it can also be
applied in the reverse way, since a magnetic eld aects the properties
of SPPs, in particular its wavevector. In order to obtain a reasonable
magnetic modulation of the SP wavevector, a smart combination of ma-
terials that combines suitable ferromagnetic and plasmonic properties,
such as a Au/Co/Au trilayer is required. Once the idea and the ma-
terials were decided, we needed a device to measure the propagating
SP modulation, which could be done by using a plasmonic interferome-
ter. The idea of applying magnetic eld to a plasmonic interferometer
(magnetoplasmonic interferometer) was then recently demonstrated us-
ing noble/ferromagnetic/noble metallic multilayers, and this thesis is a
natural continuation on this initial demonstration. We have used the
interferometers as a tool for measuring some the magnetic modulation
of the plasmon wavevector, but we have also analyzed its suitability as
a device itself, i. e. as a modulator, trying to optimize it and un-
derstanding all the processes that take place there. Furthermore, given
the potential of plasmonics for sensing, and the accuracy of interferom-
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etry, we wanted to evaluate the MP interferometer as a sensor. It was
already known that the application of a magnetic eld in SPR sensors
led to an improvement in their sensitivity, thus the comparison of SPR
sensors with our MP interferometers was an straightforward idea. Fi-
nally, due to the local nature of SPs, we have also analyzed the magnetic
modulation in the near eld by means of some selected interferometric
congurations.
The main objectives of this thesis are:
 To understand the underlying physics of applying a magnetic eld
on propagating surface plasmons using a noble/ferromag-netic/noble
metallic structure.
 To take advantage of this eect to implement it in an \active"
device, in particular in a plasmonic interferometer that acts as a
modulator.
 To study the dependence of the magnetic modulation of propagat-
ing SPs on the dierent parameters, such as the trilayer structure
or the magnetooptical material, as well as its spectral behavior and
the possibilities to enhance the mentioned magnetic modulation.
 To explore the capability of our magnetically modulated interfer-
ometers as sensors, and compare them with the broadly used SPR
based techniques.
 To further extend the understanding of magnetic modulation of
surface plasmon polaritons by means of interferometric congura-
tions in the near eld regime.
Results
The rst part of the thesis deals with the study of the spectral evolution
of the modulation of the SPP wavevector in the visible and near-infrared
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(from 500 nm to 1 m) for a Au/Co/Au multilayered system and its op-
timization. By means of the MP interferometer, we have measured the
magnetic modulation of the real part of the SPP wavevector, and and
of its imaginary part, which had not been done before. It has been seen
that the modulation of the real part of the SPP wavevector is larger than
the imaginary one for most of the analyzed spectral range. However, for
larger wavelengths ( > 800), the imaginary part becomes more relevant
and should be taken into account to make an accurate description of the
system. Regarding the spectral evolution, the SPP wavevector mod-
ulation (real and imaginary parts) shows a decreasing behavior with
increasing wavelength. The real part of the modulation kx shows a
peak at low wavelengths. By using an analytical expression for kx, we
have determined the origin of this spectral evolution and the parameters
that determine it. We have established that the spectral trend is due
to the evolution of the SPP properties with wavelength, and not to the
magnetooptical constants. This comes from the vertical connement
of the SPP eld and the associated eld enhancement inside the Co
layer, which can be qualitatively described by a simple parameter: the
evolution of the separation between the SPP wavevector and the light
line. Considering the use of the magnetoplasmonic interferometers as
modulators, however, we do not measure directly the wavevector mag-
netic modulation kx, but the transmitted intensity. Therefore a gure
of merit combining both the magnetic modulation and the propagation
distance of the SPP (2kxLsp) is dened and analyzed. In terms of
spectral dependence, the decrease of SPP wavevector modulation with
the wavelength is overcompensated by the increase in Lsp for a signi-
cant wavelength range. As a consequence, the 700 nm - 1 m interval
becomes the optimal one for applications.
We have extended this analysis to other ferromagnetic metals such as
Fe or Ni, obtaining that the parameters that govern the spectral depen-
dence are again those related to the SPP properties. The gure of merit,
on the other hand, is larger when using Fe instead of Co, although we
would need larger magnetic elds to saturate the sample.
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Still trying to increase the magnetic modulation of the SPP wavevector,
we have demonstrated that the deposition of a dielectric overlayer on top
of noble/ferromagnetic metal multilayers leads to a signicant enhance-
ment of the magnetic eld induced modulation of the SPP wavevector (a
4:5 times increase for an interferometer with a 60 nm PMMA overlayer
and a Au top layer of 5 15 nm at 633 nm). The analysis of the gure of
merit shows that the modulation depth of a magnetoplasmonic switch
can be increased despite of the strong reduction of SPP propagation
length when adding a dielectric layer on top of the metal. This allows
to reduce the size of the device, and therefore this nding represents
an essential step towards miniaturization of active magneto-plasmonic
devices.
Finally, from the analysis of the gure of merit, we have determined
that a magnetoplasmonic modulator consisting of a Au/Fe/Au interfer-
ometer with a separation distance of 3Lsp and covered with a dielectric
with nd = 1:49 could provide intensity modulations of around 12% in
the optimal spectral range (950 nm). This value is not so far from other
integrated plasmonic modulator performances reported in the literature
based on thermo-optical or electro-optical eects.
The second part of the thesis is related to the theoretical analysis of
the capability of plasmonic (without magnetic eld) and magnetoplas-
monic interferometers as biosensors. A comparison of the sensibility of
a plasmonic interferometer and a SPR sensor is made. Also the sensi-
tivity of the two interferometers is compared. In order to perform a fair
comparison, we have theoretically optimized the thickness of the metallic
layers for each conguration and wavelength using the same noble metal,
Au. We have compared the sensitivity of the three methods to changes
in the refractive index of the sensing layer. However, as each method
measures a dierent magnitude, i. e. measures a dierent output, both
the sensitivity of the physical parameter implied in the measurement as
well as that of the output have been analyzed. Both SPR and plasmonic
interferometry rely on the modication of the SPP wavevector under re-
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fractive index variations, kx(n). Being the physical system supporting
each of them very similar, Au lms, the sensitivity of the wavevector
( kxn ) is very similar for both of them. When analyzing the measured
output, however, it has been shown that the plasmonic interferometer
can surpass the SPR in sensitivity. This is due to the fact that the sen-
sitivity of the plasmonic interferometer is proportional to the slit-groove
distance, so by increasing this distance the sensitivity can be enhanced.
Even though the slit-groove distance is enlarged to improve the plas-
monic interferometer sensitivity, it is still kept on the order of a few tens
of microns, which allows its integration in a chip for the development
of miniaturized sensors. For the magnetoplasmonic interferometer, two
physical parameters are involved in a sensing experiment: the modica-
tion of the SPP wavevector kx(n) and the variation of the magnetic eld
driven SPP wavevector modulation mkx(n). This last quantity has a
stronger dependence with the refractive index than kx(n), so a sensor
based on it would provide a higher performance. However, since mkx
is several orders of magnitude smaller than kx, its stronger sensitivity
can only be appreciated if the monitored output quantity in a magne-
toplasmonic interferometer is directly related to mkx, without the kx
contribution.
Regarding the spectral dependence of the sensitivity, this increases
with the wavelength for both the SPR method and the plasmonic inter-
ferometer, even though the opposite behavior of the sensitivity of kx(n)
( kxn ) suggested otherwise. This is due to the fact that, for large wave-
lengths, the SPP has less losses; thus, the SPR resonances are narrower
and the propagation distance Lsp is larger, allowing larger distances be-
tween the groove and the slit for the interferometer. On the other hand,
for an ideal magnetoplasmonic interferometer (i. e. only dependent
on mkx), we should work at low wavelengths, since the sensitivity of
mkx (
mkx
n ) decays with the wavelength.
The last part of the manuscript shows the possibilities of magnetic mod-
ulation in dierent near eld interferometric congurations. The mag-
netic eld induced modulation of kx could be detected in the near eld
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by measuring the interference of two counterpropagating plasmons be-
tween two launching slits. The near eld intensity modulation would be
proportional to 4kx  d, being 2d the distance between the two slits.
It could also be possible to have direct access to the magnetic modula-
tion of kix and even of kz by measuring the magnetic modulation of a
decaying SPP in an isolated slit.
Conclusions
Five essential conclusions can be extracted from this work:
 Magnetoplasmonic interferometry is a very interesting tool to an-
alyze the magnetic modulation of the SPP wavevector.
 The parameters that govern the modulation depth of the magne-
toplasmonic interferometers are mainly related to the properties
of the SPPs, rather than to the magnetooptical properties of the
ferromagnetic material. It is specially relevant the role of the elec-
tromagnetic eld distribution along the materials of the interface,
as well as the dispersion relation of the SPPs and how far or close
it is from the line of the light, (kx   k0).
 A magnetoplasmonic interferometer can be a device per se. It is a
reasonable choice to modulate SPPs. Applying external magnetic
elds of 20 mT we have been able to obtain modulation depths of
around 2% on non-optimized Au/Co/Au trilayers, with interfer-
ometer sizes on the micro-scale. Moreover, we could obtain mod-
ulation depths of about 12% by substituting Co by Fe, working at
around 950 nm and covering the interferometer with a dielectric
overlayer of nd = 1:49.
 Plasmonic interferometry is interesting also for biosensing, where it
can be more sensitive than traditional SPR sensors. Magnetoplas-
monic interferometry oers a new sensing parameter, the magnetic
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modulation of the SPP, which is more sensitive to refractive index
variations.
 The magnetic modulation of SPP could also be obtained from near
eld experiments. With the appropriate congurations, we could
obtain not only the modulation of the SPP wavevector kx, but
also that of its vertical component kz.
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